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THE EFFECT OF IMMOBILIZATION ON
GRIP STRENGTH AND PINCH STRENGTH IN NORMAL SUBJECTS
ABSTRACT
The purpose of this study was to determine whether a 
one-week period of immobilization resulted in a significant 
decrease in the grip strength and/or pinch strength of 
normal subjects.
The participants in this investigation were right- 
handed females between the ages of 21 and 45. Throughout 
the one-week period between the pre-test and post-test, each 
subject assigned to the experimental group had her left hand 
immobilized in a cast. During the pre-test and post-test, 
all of the subjects had their left hands tested for grip 
strength and pinch strength. A separate unpaired t-test was 
then calculated for grip strength measured with the handle 
of the hand dynamometer in each of the five positions as 
well as for the strength of the three-jaw chuck, tip 
prehension, and lateral prehension.
After analyzing the data, it was concluded that a one- 
week immobilization period did not significantly affect the 
strength of grip or pinch.
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CHAPTER I
INTRODUCTION
Numerous studies have investigated the manner in which 
immobilization affects the anatomy, physiology, and function 
of skeletal muscle in animals such as the mouse, rat, dog, 
cat, rabbit, guinea pig, monkey, and ape. Extensive 
research has also been completed using human subjects who 
were immobilized because of an injury. At the present time, 
though, there is a relative paucity of information available 
in the literature concerning the effects of immobilization 
on skeletal muscle in normal human subjects; and even fewer 
researchers have examined how a period of immobilization 
affects muscle strength. More specifically, only two 
studies conducted during the past 3 0 to 35 years have 
described the relationship between immobilization and grip 
strength (Hills & Byrd, 1973; Muller, 1970); and to date, 
pinch strength has never been studied during a similar 
investigation.
Statement of the Problem
The problem to be explored by this study was whether a 
one-week period of immobilization resulted in a significant 
decrease in the grip strength and/or pinch strength of
normal subjects. During this investigation, the following 
variables were examined.
1. Grip strength measured with the handle of the hand 
dynamometer in the first position.
2. Grip strength measured with the handle of the hand 
dynamometer in the second position.
3. Grip strength measured with the handle of the hand 
dynamometer in the third position.
4. Grip strength measured with the handle of the hand 
dynamometer in the fourth position.
5. Grip strength measured with the handle of the hand 
dynamometer in the fifth position.
6. The strength of the three-jaw chuck.
7. The strength of tip prehension.
8. The strength of lateral prehension.
Purpose of the Study
The purpose of the investigation was to examine the 
grip strength and pinch strength of a control group and an 
experimental group. Both groups of subjects were given a 
pre-test and post-test during which grip strength and pinch 
strength were measured. Throughout the one-week period 
between measurements, the subjects in the experimental group 
had their non-dominant hands casted in a functional 
position. It was the investigator's intent that the results 
of the study would assist health care professionals in 
determining whether to immobilize an injured body part
during the acute stages of a soft-tissue injury. If this 
study demonstrates no significant decrease in strength as 
the result of immobilization, health care professionals may 
be inclined to increase their use of casting as a means of 
protecting an injured body part. If it is shown that 
strength is greatly affected by a one-week immobilization, 
health care professionals may instead lean towards an 
alternative form of therapy.
Need for the Study
The majority of the studies investigating the effects 
of immobilization on skeletal muscle have examined how 
immobilization affects various types of animals or humans 
who were casted as the result of an injury. Unfortunately, 
it is uncertain if the animal research is applicable to 
human subjects; and in terms of injured subjects, it is 
unknown whether the changes that occur in an immobilized 
muscle are a consequence of the injury or are due to the 
immobilization itself. Therefore, this study was conducted 
in an effort to determine whether immobilization had a 
significant effect on the muscle strength of normal 
subj ects.
Delimitations of the Study
The study was delimited to the following:
1. The subjects who participated in the investigation 
were right-handed females in their 20's, 30's, or 40's, each
of whom was scheduled to graduate in either 1994 or 1995 
from the Grand Valley State University physical therapy 
master's degree program.
2. The subjects in both the control group and 
experimental group had their non-dominant, left, hands 
tested for grip strength and pinch strength.
3. The subjects in the experimental group had their 
non-dominant, left, hands immobilized in a functional 
position for a period of one week.
4 . Grip strength was measured by alternately using all 
five handle positions of the hand dynamometer.
5. Pinch strength was examined by measuring the 
strength of the three-jaw chuck, tip prehension, and lateral 
prehension.
6. Three trials of each type of grip and pinch were 
administered, and the average of these trials was recorded 
as the strength score.
Limitations of the Study
The limitations of the study were as follows:
1. The number of subjects included in the 
investigation was limited by the number of right-handed 
female physical therapy students who were willing to have 
their left hands placed in casts.
2. The casts were unable to prevent the subjects in 
the experimental group from functionally using their 
immobilized digits or from performing isometric muscular
contractions with their immobilized hands.
3. Grip strength could only be measured to the nearest 
pound using the Jamar hydraulic hand dynamometer, and pinch 
strength could only be measured to the nearest half-pound 
using the Jamar hydraulic pinch gauge.
Basic Assumptions
In this study, the following assumptions were made:
1. The subjects who participated in the investigation 
were representative of the normal adult population.
2. During the immobilization period, the subjects in 
the experimental group did not functionally use their 
immobilized digits to any great extent and did not perform 
isometric muscular contractions with their immobilized 
hands.
3. Because the hand dynamometer and pinch gauge were 
properly calibrated, they were valid and reliable 
instruments for the measurement of grip strength and pinch 
strength respectively.
4. During the grip strength and pinch strength testing 
procedures, each subject exerted a maximal effort.
5. The testing protocol remained consistent between 
subjects, between trials, and between the pre-test and post­
test .
6. The investigator maintained consistency in terms of 
reading the strength scores displayed on the hand 
dynamometer and pinch gauge.
7. The average of three trials was the most 
representative strength score for each type of grip and 
pinch.
Hypotheses
In this study, the following hypotheses were made:
1. Grip strength measured with the handle of the hand 
dynamometer in each of the five positions will be 
significantly decreased following a one-week immobilization 
period.
2. A one-week period of immobilization will result in 
a significant reduction in the strength of the three-jaw 
chuck, tip prehension, and lateral prehension.
Definition of Terms
The following terms were used in this study:
1. Actin - a protein found in skeletal muscle that 
interacts with myosin to cause muscular contractions.
2. Acute - having a relatively short duration.
3. Chronic - having a relatively long duration.
4. Dominant Hand - the hand that is preferentially 
used during functional activities; also referred to as the 
major hand.
5. Electromyography - the study of the electrical 
activity of skeletal muscle.
6. Extrinsic Hand Muscles - the muscles controlling 
the movements of the fingers and thumb that originate
outside the boundaries of the hand.
7. Fast-Twitch (Glycolytic) Muscle Fibers - muscle 
fibers that generate a large amount of tension over a short 
period of time and exhibit a pronounced susceptibility to 
fatigue.
8. Glycolytic Enzymes - enzymes that participate in 
anaerobic metabolism.
9. Intrinsic Hand Muscles - the muscles controlling 
the movements of the fingers and thumb that originate within 
the boundaries of the hand.
10. Isometric - refers to muscular contractions that 
cause increased muscle tone but little or no movement of a 
body part.
11. Isotonic - refers to muscular contractions that 
cause the movement of a body part.
12. Major Hand - the hand that is preferentially used 
during functional activities; also referred to as the 
dominant hand.
13. Minor Hand - the hand that tends to be used to a 
lesser degree during the performance of functional 
activities; also referred to as the non-dominant hand.
14. Mitochondria - the organelles found inside a cell 
that are responsible for energy production.
15. Motor Unit - a motor neuron in conjunction with 
the muscle fibers that it innervates.
16. Myofibrillar Protein - a type of protein, such as 
actin and myosin, that participates in muscular
contractions.
17. Myoglobin - an iron-containing protein that 
transports oxygen to the mitochondria of muscle cells.
18. Myosin - a protein found in skeletal muscle that 
interacts with actin to cause muscular contractions.
19. Non-Dominant Hand - the hand that tends to be used 
to a lesser degree during the performance of functional 
activities; also referred to as the minor hand.
20. Oxidative Enzymes - enzymes that participate in 
aerobic metabolism.
21. Phasic Muscles - fast-twitch (glycolytic) muscles 
that possess a primary functional goal of mobility.
22. Prehension - the process of grasping an object.
23. Recruitment - the process during which increasing 
numbers of muscle fibers become active as the intensity of a 
muscular contraction becomes greater.
24. Reflex Potentiation - the enhancement of 
involuntary movements as the result of voluntary effort.
25. Sarcomere - the contractile unit of a skeletal 
muscle.
26. Slow-Twitch (Oxidative) Muscle Fibers - muscle 
fibers that generate a small amount of tension over a long 
period of time and exhibit a pronounced resistance to 
fatigue.
27. Tetanic Tension - muscle tone associated with a 
sustained muscular contraction.
28. Thenar Muscles - the muscles that flex, abduct,
adduct, and oppose the thumb.
29. Tonic Muscles - slow-twitch (oxidative) muscles 
that possess a primary functional goal of stability.
30. Twitch Tension - muscle tone associated with a 
relatively brief muscular contraction.
CHAPTER II 
LITERATURE AND CONCEPTUAL FRAMEWORK
The literature reviewed in this chapter was grouped 
under the following headings: (a) human prehension;
(b) grip strength; (c) pinch strength; (d) immobilization 
with plaster of Paris; and (e) effects of immobilization on 
skeletal muscle.
Human Prehension
In general, human prehension may be classified into two 
categories, power grip and precision grip, with the latter 
type commonly referred to as pinch (Barnett, Davies, & 
MacConaill, 1961; Boscheinen-Morrin, Davey, & Conolly, 1985; 
Boyes, 1970; Fess & Philips, 1987; Flatt, 1961; Landsmeer, 
1962, 1976; Lehmkuhl & Smith, 1983; Long, 1981; Napier,
1980; Perry, 1978; Rank, Wakefield, & Hueston, 1973; Rose, 
1986; Salter, 1987; Sarrafian, 1975; Tubiana, 1981; Tubiana, 
Thomine, & Mackin, 1984; Wynn Parry, 1981) .
During power grip, the thumb is flexed and adducted, 
and an object is commonly grasped with both the digits and 
the palm. The fingers on the ulnar side of the hand play an 
important role in the amount of force that is able to be 
exerted (Boscheinen-Morrin et al., 1985; Boyes, 1970; Fess &
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Philips, 1987; Flatt, 1961; Landsmeer, 1962; Lehmkuhl & 
Smith, 1983; Long, 1981; Napier, 1980; Perry, 1978; Rank et 
al., 1973; Salter, 1987; Sarrafian, 1975; Tubiana, 1981; 
Tubiana et al., 1984; Wynn Parry, 1981) . The extrinsic hand 
muscles, particularly the flexor digitorum profundus, 
provide most of the power inherent in this grip (Long, 1981; 
Long, Conrad, Hall, & Purler, 1970; Sarrafian, 1975; Simmons 
Sc DeLaCaffiniere, 1981) . In fact, the abductor pollicis 
longus is the only extrinsic muscle that doesn't make a 
significant contribution (Long, 1981; Long et al., 1970; 
Sarrafian, 1975). Even the extensors play an active role as 
they act to stabilize the finger joints (Chao, Opgrande, & 
Axmear, 1976). The interossei are the major intrinsic 
contributors (Long, 1981; Long et al., 1970; Sarrafian,
1975; Simmons & DeLaCaffiniere, 1981). These muscles assist 
with finger flexion, counterbalance deleterious finger 
rotations, and help the fingers conform to the object being 
held. Electromyographic studies have shown that the thenar 
muscles tend to increase their activity as greater force is 
applied to the object (Long, 1981; Long et al., 1970; 
Sarrafian, 1975). The lumbricals, though, are electrically 
silent during the power grip with the possible exception of 
the fourth (Long, 1981; Long et al., 1970; Sarrafian, 1975; 
Simmons & DeLaCaffiniere, 1981).
Three common forms of grip are generally included in 
power grip, the first category of prehension. These grips 
include the cylindrical grasp, the spherical grasp, and the
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hook grasp (Flatt, 1961; Perry, 1978; Rose, 1986; Sarrafian, 
1975) .
The cylindrical grasp is used to hold onto a 
cylindrically shaped object (Landsmeer, 1962; Lehmkuhl & 
Smith, 1983; Perry, 1978; Sarrafian, 1975; Tubiana et al.,
19 84). The strength of this grasp is the type of grip 
strength most commonly measured with a hand dynamometer.
The primary intrinsic hand muscles contributing to this grip 
are the first and fourth dorsal interossei; the first, 
second; and third palmar interossei; the fourth lumbrical; 
and the abductor digiti minimi (Hall & Long, 1968;
Sarrafian, 1975).
The second type of power grip, the spherical grasp, is 
used to hold onto a spherically shaped object (Landsmeer, 
1962; Lehmkuhl & Smith, 1983; Long, 1981; Perry, 1978; 
Sarrafian, 1975; Tubiana et al., 1984). The first, third, 
and fourth dorsal interossei; the first, second, and third 
palmar interossei; the fourth lumbrical; and the abductor 
digiti minimi are the intrinsic hand muscles most active 
during this grip (Hall & Long, 1968; Sarrafian, 1975) .
Hook grasp, the prehension pattern used when a person 
carries a suitcase by the handle, is considered to be the 
third type of power grip even though it seldom involves the 
palm of the hand (Flatt, 1961; Lehmkuhl & Smith, 1983; Long, 
1981; Napier, 1980; Perry, 1978; Rank et al., 1973; Salter, 
1987; Sarrafian, 1975; Tubiana, 1981; Tubiana et al., 1984). 
Only three intrinsic muscles on the ulnar side of the hand.
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the fourth dorsal interosseous, fourth lumbrical, and 
abductor digiti minimi, make significant contributions to 
the execution of this grip (Hall & Long, 1968; Sarrafian, 
1975) .
During precision grip, the thumb is abducted and 
opposed, and an object is pinched between the thumb and 
fingers without support from the palm. This grip, also 
referred to as precision handling by Landsmeer (1962), tends 
to involve the radial side of the hand to a greater extent 
than the ulnar portion (Boscheinen-Morrin et al., 1985;
Boyes, 1970; Fess & Philips, 1987; Flatt, 1961; Landsmeer, 
1962; Lehmkuhl & Smith, 1983; Long, 1981; Napier, 1980;
Perry, 1978; Rank et al., 1973; Rose, 1986; Salter, 1987; 
Sarrafian, 1975; Tubiana, 1981; Tubiana et al., 1984; Wynn 
Parry, 1981). As in power grip, the extrinsic hand muscles 
provide most of the force (Long, 1981; Long et al., 1970). 
All of the intrinsic hand muscles, except for the abductor 
pollicis brevis, also play a major role (Long, 1981; Long et 
al., 1970; Sarrafian, 1975). During precision grip, the 
contributions of the major muscle groups may be rank-ordered 
as the flexor digitorum profundus, the flexor digitorum 
superficialis, the interossei, and the lumbricals (Chao et 
al., 1976). Even the extensors function as active 
participants (Chao et al., 1976).
Palmar prehension, tip prehension, and lateral 
prehension are the three forms of pinch commonly included in 
precision grip, the second category of prehension (Fess &
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Philips, 1987; Flatt, 1961; Lehmkuhl & Smith, 1983; Long, 
1981; Perry, 1978; Salter, 1987; Sarrafian, 1975; Wynn 
Parry, 1981).
During palmar prehension, an object is held between the 
pulp of the thumb and the pulp of one or more fingers. 
Opposition of the thumb to both the index finger and middle 
finger simultaneously is called the three-jaw chuck 
(Lehmkuhl & Smith, 1983; Long, 1981; Perry, 1978; Rank et 
al., 1973; Salter, 1987; Sarrafian, 1975; Tubiana et al., 
1984). The strength of the three-jaw chuck is the type of 
palmar pinch strength most commonly measured with a pinch 
gauge. The primary intrinsic hand muscles contributing to 
this grip are the opponens pollicis, the flexor pollicis 
brevis, the adductor pollicis, the first dorsal 
interosseous, the first palmar interosseous, and the first 
lumbrical (Sarrafian, 1975).
Tip prehension, the second type of precision grip, 
involves grasping an object between the tip of the thumb and 
the tip of one or more fingers. When measuring the strength 
of this pinch, opposition normally occurs between the thumb 
and the index finger (Lehmkuhl & Smith, 1983; Perry, 1978; 
Salter, 1987; Sarrafian, 1975). Because this prehension 
pattern greatly resembles that of the palmar grasp, the 
intrinsic muscle involvement is very similar (Sarrafian,
1975) .
The final type of precision grip, lateral prehension, 
is defined as the placement of the pulp of the thumb against
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the radial side of the second middle phalanx. This type of 
grasp is also referred to as key pinch because it represents 
the manner in which a person normally holds onto a key 
(Boscheinen-Morrin et al., 1985; Boyes, 1970; Lehmkuhl & 
Smith, 1983; Perry, 1978; Rose, 1986; Salter, 1987;
Sarrafian, 1975; Tubiana, 1981; Tubiana et al., 1984) . The 
opponens pollicis, the flexor pollicis brevis, the adductor 
pollicis, and the first dorsal interosseus are the intrinsic 
hand muscles most active in this grip (Sarrafian, 1975).
Grip Strength
The following areas were examined with regard to grip 
strength: (a) the Jamar hydraulic hand dynamometer;
(b) normative grip strength data; (c) factors affecting grip 
strength; (d) testing procedures; and (e) summary.
The Jamar Hvdraulic Hand Dvnamometer
The Jamar hydraulic hand dynamometer has proven to be a 
valid and reliable instrument for measuring grip strength 
provided it is properly calibrated and used in conjunction 
with a standardized protocol (Bell-Krotoski, Breger, &
Beach, 1990; Fess, 1987, 1990; Fess & Philips, 1987; 
Mathiowetz, Weber, Volland, & Kashman, 1984; Schmidt &
Toews, 1970) . Mathiowetz et al. (1984) reported that it was 
accurate to within 3 percent, had an inter-rater reliability 
of 0.996 to 0.999, and had a test-retest reliability of 
0.883 to 0.929 when three trials were administered and the
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mean of these trials was calculated. In fact, it has been 
shewn tc be the most accurate grip strength assessment 
instrument on the market today (Mathiowetz et al., 1984; 
Melvin, 1989; Patterson, 1965; Schmidt & Toews, 1970). In 
addition, Bell-Krotoski et al. (1990) reported that the 
Jamar hand dynamometer "is most useful when the patient can 
be used as his own control, such as in comparing right and 
left hands, and when comparing baseline measurements with 
subsequent measurements" (p. 159) .
Several features are available on the Jamar hand 
dynamometer (J. A. Preston Corporation, 1991a, 1992). Its 
dual-scale readout is capable of displaying grip strength 
scores as large as 2 00 pounds or 90 kilograms. The 
dynamometer's handle may be adjusted to accommodate grip 
sizes of 1 3/8, 1 7/8, 2 3/8, 2 7/8, and 3 3/8 inches. For 
most adults, the first handle position, the narrowest, 
results in the lowest grip strength scores whereas the 
strongest grips are recorded with the handle in the second 
or third position (Aulicino & DuPuy, 1990; Baxter-Petralia, 
Bruening, Blackmore, & McEntee, 1990; Fess, 1982, 1990; Fess 
& Philips, 1987; O'Driscoll et al., 1992; Tubiana et al.,
1984). Because of a difference in hand size, women tend to 
exhibit their greatest grip strengths with the handle in the 
second position whereas the third handle position is usually 
the most advantageous one for men (Baxter-Petralia et al., 
1990). When force is applied to the handle, a peak-hold 
needle displays the grip strength score until the examiner
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records the reading and repositions the needle to zero 
(J. A. Preston Corporation, 1991a, 1992). Throughout the 
strength measurement procedures, the J. A. Preston 
Corporation (1992) recommends that the safety strap be 
placed around the wrist of the subject being tested. In 
addition, the examiner is encouraged to hold onto the 
dynamometer's dial (Mathiowetz et al., 1984; Melvin, 1989). 
Both of these precautions minimize the possibility that the 
dynamometer will be accidently dropped.
To assure proper calibration of the Jamar hand 
dynamometer, known weights are suspended from its handle 
(Fess, 1987; J. A. Preston Corporation, 1991a, 1992) . From 
the data obtained by carrying out this procedure, a 
correlation coefficient between the applied weights and the 
dynamometer readings is computed (Fess, 1987). In addition, 
one is able to calculate the mean of the applied weights and 
the mean of the dynamometer readings. According to Fess 
(1987), if the correlation coefficient is at least 0.9994 
and the difference between the means is 1.5 pounds or less, 
the dynamometer is properly calibrated. If the correlation 
coefficient lies within the acceptable range but the 
difference between the means is more than 1.5 pounds, the 
dynamometer needs to be adjusted by turning its calibration 
screw with a small screwdriver. Finally, if both the 
correlation coefficient and the difference between the means 
are unacceptable, the dynamometer should be recalibrated by 
the manufacturer. Melvin (1989) proposed a simpler method
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for assuring proper calibration. During this method, a grip 
strength test is administered to certain selected 
individuals, and these same people are retested on a 
periodic basis. According to Melvin (1989), appropriate 
calibration may be assumed if the scores obtained during the 
retest do not deviate by more than 5 percent from the 
initial test scores. In addition to calibration, the Jamar 
dynamometer should have its handle, peak-hold needle, posts, 
and hydraulics reevaluated on a regular basis (J. A. Preston 
Corporation, 1991a, 1992). The J. A. Preston Corporation 
(1991a, 1992) recommends that this service check-up be 
performed each year.
Although the Jamar hand dynamometer has been proven 
valid and reliable, Flood-Joy and Mathiowetz (1987) 
discovered that different models of the Jamar yielded 
distinctly different results. Melvin (1989) also reported 
this finding. In this report, the newer black version with 
the flat handle proved to be more accurate than the older 
gray version with the sloped handle even though this newer 
model produced significantly higher scores. The digital 
model was found to be the least accurate of the three 
dynamometers tested (Mathiowetz et al., 1984; Melvin, 1989). 
Therefore, "it is essential that the same dynamometer be 
used in pre- and posttesting of patients" (Flood-Joy & 
Mathiowetz, 1987, p. 242).
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Normative Grip Strength Data
Although hundreds of studies have examined grip 
strength for a variety of different purposes, very few 
researchers have attempted to establish normative grip 
strength data. In fact, only six investigations have 
analyzed the roles of gender, age, and handedness while 
developing norms for the Jamar hydraulic hand dynamometer.
Three of these studies focused on the grip strength of 
subjects 19 years of age and under. Ager, Olivett, and 
Johnson (1984) tested 474 children between the ages of 5 and 
12; Fullwood (1986) examined the strength of 240 children, 5 
to 12 years of age; and Mathiowetz, Wiemer, and Federman 
(1986) investigated the grip strength of 471 subjects 
ranging in age from 6 to 19 years. The results obtained 
from these three studies are summarized in Table 1.
The other three investigations were cross-sectional 
studies that examined grip strength across the lifespan.
Fike and Rousseau (1982) tested 486 people between the ages 
of 16 and 80; Mathiowetz, Kashman, et al. (1985) examined 
the strength of 628 individuals, 20 to 94 years of age; and 
Swanson, Matev, and deGroot (1970) investigated the grip 
strength of 50 men and 5 0 women ranging in age from 17 to 6 0 
years. The results of these three investigations are 
summarized in Table 2.
Table 1
Grip Strength in Subjects 19 Years of Age and Under (Measured in Pounds)
Ager, Olivett, & Johnson
(1984)
Fullwood
(1986)
Right-Handers Left-Handers
Mathiowetz, Wiemer, & Federman 
(1986)
Age Gender Major Minor Major Minor Right Left Right Left
5 M 19.2 19.4 14.5 14.5 17.3 14.2
F 16.3 16.0 18.0 17.2 12.0 13.6
6 M 18.5 16.9 16.8 17.8 20.3 21.1
F 15.5 15.4 12.8 12.8 16.1 15.4
6-7 M 32.5 30.7
F 28.6 27.1
7 M 23.1 22.6 24.0 23.5 25.9 24.9
F 18.9 18.7 20.0 22.5 23.6 22.1
8 M 27.3 27.8 25.6 26.0 29.2 27.6
F 23.7 23.8 19.5 19.3 27.9 27.0
8-9 M 41.9 39.0
F 35.3 33.0
9 M 30.4 30.0 28.0 35.0 31.9 28.6
F 27.9 26.4 22.0 24.0 25.1 24.8
to
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Table 1 - Continued
Ager, Olivett, & Johnson 
(1984)
Fullwood
(1986)
Mathiowetz, Wiemer, & Federman 
(1986)
Right-Handers Left-Handers
Age Gender Major Minor Major Minor Right Left Right Left
10 M 36.3 36.3 34.0 32.0 37.3 35.2
F 33.0 31.7 33.7 33.0 29.7 31.6
10-11 M . 53.9 48.4
F 49.7 45.2
11 M 44.7 44.6 48.0 49.8 41.3 43.2
F 36.5 37.0 34.0 37.0 35.4 31.6
12 M 51.6 51.4 62.0 60.0 48.8 45.3
F 46.3 48.6 62.5 50.0 45.9 41.7
12-13 M 58.7 55.4
F 56.8 50.9
14-15 M 77.3 64.4
F 58.1 49.3
16-17 M 94.0 78.5
F 67.3 56.9
18-19 M 108.0 93.0
F 71.6 51.7 MH
Table 2
Grip Strength Across the Lifespan
Mathiowetz, Kashman, Volland,
Age
Fike & Rousseau 
(1982)
Weber, Dowe, 
(1985)
Rogers Swanson, Matev, deGroot 
(1970)
Gender Right (lb.) Left (lb.) Right (lb.) Left (lb.) Major (kg) Minor (kg)
20 & M 98 87 45.2 42.6
under F 59 53 23.8 22.8
20-25 M 105 102 121.0 104.5
F 59 53 70.4 61.0
25-30 M 104 94 120.8 110.5
F 61 53 74.5 63.5
20-30 M 48.5 46.2
F 24.6 22.7
30-35 M 98 93 121.8 110.4
F 60 57 78.7 68.0
35-40 M 108 100 119.7 112.9
F 61 53 74.1 66.3
w
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Table 2 - Continued
Fike & Rousseau 
(1982)
Mathiowetz, Kashman, Volland, 
Weber, Dowe, Rogers
(1985)
Swanson, Matev, deGroot 
(1970)
Age Gender Right (lb.) Left (lb.) Right (lb.) Left (lb.) Major (kg) Minor (kg)
30-40 M 
F
49.2
30.8
44.5
28.0
40-45 M 
F
115.8
70.4
112.8
62.3
45-50 M 
F
109.9
62.2
100.8
56.0
40-50 M 
F
110
59
104
55
49.0
23.4
47.3
21.5
50-55 M 
F
113.6
65.8
101.9
57.3
55-60 M 
F
101.1
57.3
83.2
47.3
50-60 M 
F
97
47
89
44
45.9
22.3
43.5
18.2
w
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Table 2 - Continued
Age
Fike & Rousseau 
(1982)
Mathiowetz, Kashman, Volland, 
Weber, Dowe, Rogers 
(1985)
Swanson, Matev, deGroot 
(1970)
Gender Right (lb.) Left (lb.) Right (lb.) Left (lb.) Major (kg) Minor (kg)
60-65 M 89.7 76.8
F 55.1 45.7
65-70 M 91.1 76.8
F 49.6 41.0
60-70 M 82 72
F 49 42
70-75 M 75.3 64.8
F 49.6 41.5
70-80 M 74 71
F 40 49
75+ M 65.7 55.0
F 42.6 37.6
to
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Factors Affecting Grip Strencrth
An examination of Table 1 and Table 2 reveals that grip 
strength is significantly affected by gender, age, and 
handedness. In general, males are stronger than females; 
and grip strength tends to increase throughout the 20's, 
peak during the 30's and 40's, and slowly decline throughout 
the remainder of life. In terms of hand dominance, Lunde, 
Brewer, and Garcia (1972) reported that the major hand was 
13 percent stronger than the minor hand, while Janda, 
Geiringer, Hankin, and Barry (1987) stated that there may be 
as much as a 10 to 30 percent difference between the grip 
strength of the two hands. Most researchers, though, have 
concluded that the strength of the non-dominant hand is no 
more than 10 percent less than that of the dominant hand 
(Aulicino & DuPuy, 1990; Fernando & Robertson, 1982; J. A. 
Preston Corporation, 1991a; Lehmkuhl & Smith, 1983; Schmidt 
& Toews, 1970; Swanson et al., 1970; Swanson, Swanson, & 
Goran-Hagert, 1990; Thomine, 1981; Toews, 1964; Tubiana et 
al., 1984) . Throughout the past several years, a 10 percent 
rule has been utilized to predict the optimal grip strength 
in one hand if the strength of the other hand is known 
(Petersen, Petrick, Connor, & Conklin, 1989). This rule 
states that the dominant hand is approximately 10 percent 
stronger than the non-dominant hand. In a study recently 
completed by Petersen et al. (1989), the 10 percent rule was 
apparently supported when these researchers discovered a 
10.74 percent difference between the subjects' major and
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minor hands. After factoring out the subjects according to 
hand preference, though, the right-handed subjects 
demonstrated a difference of approximately 13 percent while 
the left-handers exhibited no significant difference. 
Therefore, the 10 percent rule may only be applicable to 
right-handed individuals. Tubiana et al. (1984) theorized 
that this finding may result from left-handed individuals 
being forced to use their non-dominant hands to a 
considerable extent in an environment with a bias towards 
right-handed skills.
In addition to gender, age, and handedness, grip 
strength is affected to varying degrees by effort, body 
positioning, feedback, researcher expectancy, fatigue, 
diurnal variations, and day-to-day fluctuations.
Researchers have developed four methods to detect the 
sincerity of a subject's effort during a grip strength test. 
During one method, the subject's grip strength is tested at 
each of the five handle positions on the hand dynamometer. 
Because greater force is able to be applied using the middle 
handle positions, the resultant grip strength scores for 
each handle size should resemble a bell-shaped curve when 
plotted on a piece of graph paper (Aulicino & DuPuy, 1990; 
Baxter-Petralia et al., 1990; Fess, 1990; Janda et al.,
1987; Murray, 1982; Niebuhr & Marion, 1987, 1990; Stokes, 
1983; Tubiana et al., 1984). If the subject does not exert 
a maximal effort, the plotted scores either resemble a 
straight line or appear as a flatter curve than should
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normally be expected (Aulicino & DuPuy, 1990; Baxter- 
Petralia et al., 1990; Fess, 1990; Murray, 1982; Niebuhr & 
Marion, 1987, 1990; Stokes, 1983) . A second method designed 
to evaluate sincerity of effort makes use of a modified hand 
dynamometer interfaced with a computer. During this method, 
the force applied to the dynamometer is displayed on a 
built-in monitor. If the applied force represents a 
subject's maximal effort, the force-time curve that is 
generated remains fairly consistent over a period of 5 
seconds (Chengalur, Smith, Nelson, & Sadoff, 1990; Gilbert & 
Knowlton, 1983; Smith, Nelson, Sadoff, & Sadoff, 1989) . An 
insincere effort, on the other hand, appears as an initial 
spike followed by a slow decline in the magnitude of the 
force-time curve. The rapid exchange grip test is a third 
method used for assessing sincerity of effort (Hildreth,
1986; Hildreth, Breidenbach, Lister, & Hodges, 1989).
During this test, the subject rapidly moves the dynamometer 
back and forth between hands, forcefully grasping the handle 
with each exchange. If the subject exerts a maximal effort, 
the resulting grip strength scores should be less than those 
scores obtained during a normal test of grip strength. 
Subjects who do not give a sincere effort, though, should 
end up with higher scores on the rapid exchange grip test. 
Finally, a relatively simple way to evaluate sincerity of 
effort is to have the subject perform repeated grip strength 
tests. If the subject gives an honest effort each time, 
there should be no more than a 10 to 20 percent variation in
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the dynamometer readings (Aulicino & DuPuy, 1990; Baxter- 
Petralia et al., 1990; J. A. Preston Corporation, 1991a,
19 92; Janda et al., 19 87; Swanson, 19 64; Swanson et al.,
1990) .
Body positioning is a major contributor to the 
magnitude of grip strength. Martin, Neale, and Elia (1985) 
discovered that grip strength was greater when an individual 
was standing or sitting as opposed to lying down, while 
Balogun, Akomolafe, and Amusa (19 91) reported that standing 
resulted in significantly higher grip strength scores than 
did the seated position. In terms of optimal elbow 
positioning, Mathiowetz, Rennells, and Donahoe (1985) 
reported that 90 degrees of flexion produced the highest 
grip strength scores. Other researchers, though, claimed 
that grip strength was greatest when the elbow was 
positioned in complete extension (Balogun, Akomolafe, & 
Amusa, 1991; Kuzala & Vargo, 1992). Studies examining the 
most favorable wrist positioning have produced fairly 
consistent results. Although Kraft and Betels (1972) 
discovered that grip strength scores were very similar with 
the wrist positioned in neutral, 15 degrees of extension, or 
3 0 degrees of extension, most researchers have reported that 
0 to 15 degrees of extension represents the optimal 
orientation of the wrist (Fess, 1990; Fess & Philips, 1987; 
Pryce, 1980). Other studies found that, in addition to 
wrist extension, a slight amount of ulnar deviation was 
beneficial (Hazelton, Smidt, Platt, & Stephens, 1975; Pryce,
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1980). Finally, O'Driscoll et al. (1992) claimed that grip 
strength could be improved if the subject was allowed to 
self-select the most comfortable wrist positioning. 
Interestingly enough, this self-selected position tended to 
consistently average 35 degrees of wrist extension and 7 
degrees of ulnar deviation.
The use of feedback has not consistently been shown to 
affect grip strength to any great extent. Berger (1967) 
reported that grip strength improved during a testing 
session when the subjects were allowed to watch the 
dynamometer readings. In another study, Spijkerman,
Snijders, Stijnen, and Lankhorst (1991) discovered that 
during a test-retest situation, the subjects improved their 
grip strength scores when they were given a challenge. In 
two other investigations, the researchers found no 
significant differences across four types of feedback 
conditions. In one of these studies, Ryan (1961) obtained a 
baseline grip strength measurement for each of the 8 0 
subjects taking part in the investigation. During the 
retest a week later, each subject was assigned to one of 
four groups. The individuals in the first group were only 
told to do the best they could on the retest; the subjects 
in group 2 were verbally encouraged to improve their grip 
strength scores; the individuals in the third group were 
informed about their performance on the initial test and 
were given the opportunity to watch the dynamometer readings 
during the retest; and the subjects in group 4 were told
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that if they didn't improve their grip strength scores, they 
would receive an electric shock. In the other study, Weiss- 
Lambrou and Dutil (1986) also assigned subjects to four 
different groups. Group 1 received no formal feedback, 
group 2 received visual feedback, group 3 received auditory 
feedback, and group 4 received a combination of visual and 
auditory feedback.
Although feedback was not shown to consistently affect 
grip strength scores, Rikli (1974) reported that the 
researcher's expectancy did result in altered grip strength 
performance. When male examiners were informed about either 
a male subject's or female subject's expected level of 
performance, the subject performed up to these expectations. 
Interestingly enough, when female examiners were told about 
the performance expectations, the level of performance was 
directly opposite to these expectations. In this same 
study, there were no significant interaction effects 
discovered in terms of the experimenter's gender and the 
subject's gender.
Two studies examined the relationship between fatigue 
and the scores obtained on a grip strength test. In one 
investigation, the subjects were asked to maximally squeeze 
the handle of a hand dynamometer 10 times with a 30-second 
rest period between each trial (Reddon, Stefanyk, Gill, & 
Renney, 1985) . Grip strength was found to have 
significantly declined by the tenth trial. In the second 
study, the subjects applied maximal force a total of 30
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times with only 15 seconds between trials (Montazer &
Thomas, 1991). During this investigation, peak performance 
only lasted for two trials, and grip strength had decreased 
approximately 30 percent by the end of the 30 trials. In 
protocols that encourage the use of three trials at each of 
the five handle positions on the hand dynamometer, the 
subjects should be given a 5-minute break between handle 
settings in order to minimize the effects of fatigue (Fess, 
1982, 1990; Fess & Philips, 1987). Other researchers, 
though, have claimed that 2 minutes is a sufficient amount 
of rest time if grip strength is to be measured 
approximately 15 times during the session, whereas 3 0 
seconds is adequate if only a few measurements are to be 
taken (Caldwell et al., 1974; Chaffin, 1975).
Although Young et al. (1989) discovered no significant 
differences between grip strength measurements taken during 
the morning and those obtained in the afternoon, most 
researchers have reported the existence of diurnal 
variations. During several studies, grip strength was found 
to be greater in the afternoon than in the morning 
(McGarvey, Morrey, Askew, & An, 1984; Pearson, MacKinnon, 
Meek, Myers, & Palmer, 1982). More specifically, Martin et 
al. (1985) discovered a significant decrease in grip 
strength scores immediately upon awakening. When Stolz, 
Aschoff, Born, and Aschoff (1988) examined these diurnal 
variations in more detail, they reported that grip strength 
was greatest around 8:00 p.m. and least at approximately
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5:00 a.m. Although fluctuations in grip strength do appear 
to occur at certain times throughout the day, McGarvey et 
al. (1984) claimed that "the variations should probably be 
considered negligible in the clinical setting" (p. 304).
Just as grip strength appears to vary throughout the 
course of a day, it has also been shown to undergo day-to- 
day fluctuations. Young et al. (1989) discovered that grip 
strength scores varied by as much as 2 0 percent from one day 
to another, and Pearson et al. (1982) found that the 
strength of both the dominant and non-dominant hands of 
their subjects had significantly increased within days of 
the initial testing. A couple of researchers claimed that a 
great deal of this variation may be attributed to the 
learning effect (McGarvey et al., 1984; Reddon et al.,
1985). Other researchers, though, have shown that grip 
strength remains fairly consistent over time (Martin et al.,
1985) .
Finally, in addition to the factors already described 
in this section, grip strength has been found to be 
positively correlated with height, weight, lean body mass, 
forearm circumference, arm length, hand size, finger length, 
physical activity, and fitness level and negatively related 
to pain (Anderson & Cowan, 1966; Balogun, Adenlola, & 
Akinloye, 1991; Balogun, Akomolafe, & Amusa, 1991; Bowers, 
1961; Bowman & Katz, 1984; Brand, 1985; Cauley et al., 1987; 
Clement, 1974; Fess, 1982, 1990; Fess & Philips, 1987;
J. A. Preston Corporation, 1991a, 1992; Janda et al., 1987;
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Jones, 1989; Kallman, Plato, & Tobin, 1990; Laubach & 
McConville, 196 9; Lunde et al., 1972; Martin et al., 1985; 
Montoye & Faulkner, 1964; Montpetit, Montoye, & Laeding,
1967; Newman et al., 1984; Nwuga, 1975; Reed, Fabsitz,
Selby, & Carmelli, 1991; Salter, 1987; Schmidt & Toews,
1970; Swanson, 1964; Swanson, Hagert, & Swanson, 1983;
Swanson et al., 1990). Poor health, drug use, nutritional 
status, decreased hand sensation, environmental conditions, 
and type of occupation may also significantly affect an 
individual's grip strength scores (Brand, 1985; Martin et 
al., 1985; Salter, 1987; Swanson, 1964; Swanson et al.,
1983; Swanson et al., 1990) .
Testing Procedures
Because grip strength is affected by many factors, it 
should be measured with a standardized protocol (Smith & 
Benge, 1985). In terms of body positioning, the American 
Society of Hand Therapists has recommended that the subject 
be seated with the shoulder in adduction and neutral 
rotation, the elbow in 90 degrees of flexion, the forearm in 
neutral, and the wrist in neutral (J. A. Preston 
Corporation, 1991a, 1992; Mathiowetz et al., 1984; Melvin, 
1989). Although this protocol is the most standardized one 
available, the J. A. Preston Corporation (1991a, 1992) has 
stated that the subject may either sit or stand, and other 
researchers have reported consistent grip strength scores 
even if the individual's wrist was in 0 to 3 0 degrees of
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extension and/or 0 to 15 degrees of ulnar deviation 
(Mathiowetz et al., 1984; Melvin, 1989). If only one handle 
position is to be tested, the American Society of Hand 
Therapists recommends using the second (Fess, 1990; Fess & 
Philips, 1987; Mathiowetz et al., 1984; Melvin, 1989). In 
addition, the dominant hand should be tested first, and grip 
strength should always be measured before pinch strength 
(Mathiowetz et al., 1984; Melvin, 1989) .
At the beginning of the testing session, each subject 
should be informed about the purpose of the procedure and 
should be required to sign a consent form (Caldwell et al., 
1974; Chaffin, 1975). As the testing begins, the examiner 
should provide the subject with an explanation of how to 
properly hold onto the hand dynamometer and should also 
demonstrate this technique (Mathiowetz et al., 1984; Melvin, 
1989). During the testing, it is imperative that the 
examiner use consistent verbal instructions. The subject 
should be told to exert a maximal effort and maintain this 
effort for approximately 4 seconds (Caldwell et al., 1974; 
Chaffin, 1975). Mathiowetz et al. (1984) recommends that 
the examiner say, "Are you ready? Squeeze as hard as you 
can . . . Harder! . . . Harder! . . . Relax" (p. 224). 
Melvin (1989) advocates the use of these same instructions. 
After releasing the grasp, the subject should be informed 
about the performance in a general, positive manner 
(Caldwell et al., 1974; Chaffin, 1975) . The American 
Society of Hand Therapists claims that the reliability of
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the test is highest if three trials are administered and the 
average of these trials is recorded as the grip strength 
score (Boscheinen-Morrin et al., 1985; Fess, 1990; Fess & 
Philips, 1987; J. A. Preston Corporation, 1991a, 1992; 
Mathiowetz et al., 1984; Melvin, 1989; Swanson, 1964;
Swanson et al., 1990) .
Although this standardized protocol should be adopted 
in most cases, Melvin (1989) has stated that if the primary 
goal is to "evaluate progress by comparing the patient to 
himself or to compare one hand to the contralateral hand - 
you can develop your own protocol, as long as it is 
administered consistently on each retest" (p. 353) .
Summarv
Six investigations have analyzed the roles of gender, 
age, and handedness while developing norms for the Jamar 
hydraulic hand dynamometer, the most accurate grip strength 
assessment instrument on the market today. In addition to 
gender, age, and handedness, grip strength is affected to 
varying degrees by effort, body positioning, feedback, 
researcher expectancy, fatigue, diurnal variations, and day- 
to-day fluctuations. Because grip strength is affected by 
many factors, it should be measured with a standardized 
protocol.
36
Pinch Strength
The following areas were examined with regard to pinch 
strength: (a) the Jamar hydraulic pinch gauge;
(b) normative pinch strength data; (c) factors affecting 
pinch strength; (d) testing procedures; and (e) summary.
The Jamar Hvdraulic Pinch Gauge
Although Mathiowetz et al. (1984) and Melvin (1989) 
reported that the B & L Engineering pinch gauge was the most 
accurate pinch strength assessment instrument currently on 
the market, they felt that "most standard pinch gauges are 
sensitive enough for low measurements" (Melvin, 1989, 
p. 355). In other words, the type of pinch gauge used is 
not nearly as important as the type of hand dynamometer 
selected for the measurement of grip strength (Melvin,
1989). In general, most pinch gauges have an inter-rater 
reliability of approximately 0.99 and a test-retest 
reliability of about 0.83 (Jones, 1989). Jones (1989) 
reported that a higher test-retest reliability was obtained 
when three trials were administered and the mean of these 
trials was calculated.
The Jamar hydraulic pinch gauge is an effective 
instrument for evaluating the strength of the three-jaw 
chuck, tip prehension, and lateral prehension (J. A. Preston 
Corporation, 1991b). This particular pinch gauge possesses 
a dual-scale readout that displays pinch strength scores as 
large as 50 pounds or 22.5 kilograms (J. A. Preston
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Corporation, 1991b). Additional features include a peak- 
hold needle similar to that of the Jamar hand dynamometer, a 
pinch block, and a pinch button. The pinch block is 
designed to accommodate the shape of the pulps or tips of 
the fingers, while the thumb is placed in the center of the 
pinch button. When force is applied to the pinch button, 
the pinch strength score is displayed on the dial until the 
examiner records the reading and repositions the peak-hold 
needle to zero (J. A. Preston Corporation, 1991b).
The Jamar pinch gauge should be serviced on a yearly 
basis (J. A. Preston Corporation, 1991b). Proper 
calibration is maintained in the same manner as for the hand 
dynamometer. When calibrating the instrument, the peak-hold 
needle should also be examined. To minimize the possibility 
that the pinch gauge will be accidently dropped during the 
strength measurement procedures, most researchers have 
recommended that the examiner hold onto the dial (J. A. 
Preston Corporation, 1991b; Mathiowetz et al., 1984; Melvin, 
1989). Brand (1985), on the other hand, claimed that the 
pinch gauge is best supported by having the examiner grasp 
the safety strap.
Normative Pinch Strength Data
Although norms have not yet been established for the 
Jamar hydraulic pinch gauge, Melvin (1989) reported that 
most standard pinch gauges are very similar with respect to 
their measurement abilities. Therefore, this section will
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focus on the four studies that have attempted to establish 
normative pinch strength data.
Three of these investigations examined the pinch 
strength of subjects 19 years of age and under. Ager et al. 
(1984) used a Preston pinch gauge to measure the strength of 
the three-jaw chuck, tip prehension, and lateral prehension 
in 474 children between the ages of 5 and 12; Fullwood 
(1986) used a Pinsco Pinchmeter to examine the strength of 
the three-jaw chuck and lateral prehension in 240 children,
5 to 12 years of age; and Mathiowetz et al. (1986) used a 
B & L Engineering pinch gauge to measure the strength of the 
three-jaw chuck, tip prehension, and lateral prehension in 
4 71 subjects ranging in age from 6 to 19 years. The three- 
jaw chuck pinch scores obtained from these three studies are 
shown in Table 3, the tip prehension scores obtained from 
the Ager et al. (1984) and Mathiowetz et al. (1986) 
investigations are displayed in Table 4, and the lateral 
prehension scores obtained from all three studies are 
presented in Table 5.
Only one study analyzed the roles of gender, age, and 
handedness while developing norms for the adult population. 
During this investigation, Mathiowetz, Kashman, et al.
(1985) used a B & L Engineering pinch gauge to examine the 
strength of the three-jaw chuck, tip prehension, and lateral 
prehension in 628 individuals, 20 to 94 years of age. The 
results of this study are presented in Table 6.
Table 3
Strength of the Three-Jaw Chuck in Subjects 19 Years of Age and Under (Measured in Pounds)
Ager, Olivett, & Johnson 
(1984)
Fullwood
(1986)
Right-Handers Left-Handers
Mathiowetz, Wiemer, & Federman 
(1986)
Age Gender Major Minor Ma j or Minor Right Left Right Left
5 M 6.2 6.0 4.8 5.8 6.5 5.8
F 5.1 4.9 4.6 5.1 5.7 5.9
6 M 7.2 6.6 5.0 5.9 7.1 6.4
F 5.5 5.2 5.1 4.3 6.4 5.6
6-7 M 10.0 9.2
F 9.0 8.4
7 M 8.2 7.8 9.0 9.9 7.9 7.4
F 6.8 6.2 7.4 6.9 7.4 6.6
8 M 10.7 10.0 11.6 13.2 8.9 8.4
F 9.5 8.5 9.4 9.5 7.6 7.4
8-9 M 11.6 11.2
F 10.7 10.3
9 M 11.8 11.8 11.5 15.0 8.9 8.4
F 9.3 9.2 10.3 9.8 7.8 7.3
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Ager, Olivett, & Johnson 
(1984)
Fullwood
(1985)
Mathiowetz, Wiemer, & Federman 
(1986)
Right--Handers Left-Handers
Age Gender Major Minor Major Minor Right Left Right Left
10 M 13.2 12.3 10.0 7.5 10.1 9.8
F 12.5 12.9 14.0 15.7 9.2 8.1
10-11 M 13.9 13.2
F 13.5 12.5
11 M 14.2 14.2 13.0 13.5 11.0 10.1
F 12.8 12.4 11.0 13.0 9.9 8.5
12 M 16.7 16.5 24.2 21.8 10.9 11.4
F 15.8 14.0 19.0 18.5 11.4 10.6
12-13 M 15.5 15.1
F 15.4 14.2
14-15 M 19.2 18.8
F 15.6 14.7
16-17 M 22.2 20.3
F 17.8 16.6
18-19 M 23.8 23.4
F 20.2 19.0 o
Table 4
Strength of Tip Prehension in Subjects 19 Years of Age and Under (Measured in Pounds)
Ager, Olivett, & Johnson 
(1984)
Right-Handers Left-Handers
Mathiowetz, Wiemer, & Federman 
(1986)
Age Gender Major Minor Major Minor Right Left
5 M 3.7 3.2 2.3 2.8
F 3.0 2.3 2.9 2.3
6 M 3.1 2.8 2.1 2.4
F 2.4 1-9 1.8 2.4
6-7 M 7.2 7.1
F 6.7 6.1
7 M 4.3 3.6 4.1 4.8
F 2.7 2.0 3.4 3.2
8 M 5.6 5.1 5.3 6.6
F 4.5 5.5 4.0 3.0
8-9 M 8.6 8.3
F 7.6 7.2
9 M 6.0 5.3 8.5 8.0
F 4.8 4.5 3.8 4.3
H
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Ager, Olivett, & Johnson 
(1984)
Mathiowetz, Wiemer, & Federman
(1986)
Right-Handers Left-Handers
Age Gender Major Minor Major Minor Right Left
10 M 7.1 7.2 4.5 6.0
F 7.1 5.7 6.7 9.0
10-11 M 10.0 9.5
F 9.7 9.4
11 M 8.0 7.1 6.4 6.0
F 6.9 6.1 7.0 7.0
12 M 9.4 8.3 12.0 12.7
F 9.3 8.5 11.5 9.0
12-13 M 10.5 9.8
F 10.6 10.1
14-15 M 13.1 12.6
F 10.2 9.5
16-17 M 15.0 13.8
F 11.9 11.1
18-19 M 17.0 16.1
F 13.5 13.4
Table 5
Strength of Lateral Prehension in Subjects 19 Years of Age and Under (Measured in Pounds)
Ager, Olivett, & Johnson 
(1984)
Fullwood
(1986)
Right-Handers Left-Handers
Mathiowetz, Wiemer, & Federman
(1986)
Age Gender Major Minor Major Minor Right Left Right Left
5 M 6.5 6.1 5.8 6.3 7.5 6.9
F 5.5 4.9 5.3 5.4 7.2 6.7
6 M 6.0 6.5 5.5 5.9 8.8 7.8
F 4.7 4.6 4.3 3.1 7.5 7.2
6-7 M 11.3 10.6
F 9.6 9.1
7 M 6.8 6.7 8.2 7.2 10.4 9.5
F 5.4 5.1 5.6 7.1 8.8 8.4
8 M 10.0 8.9 9.6 9.4 11.0 10.1
F 8.2 7.9 7.9 6.6 9.4 9.2
8-9 M 13.1 12.2
F 11.6 11.3
9 M 9.8 9.2 9.0 10.0 11.3 10.4
F 8.4 8.5 8.3 7.5 9.7 9.4
(jO
Table 5 - Continued
Ager, Olivett, & Johnson 
(1984)
Fullwood
(1986)
Mathiowetz, Wiemer, & Federman 
(1986)
Right-Handers Left-Handers
Age Gender Major Minor Major Minor Right Left Right Left
10 M
F
10.8
10.2
11.2
9.9
8.0
8.8
8.0
8.2
12.9 11.9 
11.7 11.0
10-11 M
F
15.3
14.2
14.5
13.3
11 M
F
12.3
10.1
12.4
9.8
11.0
12.0
11.0
15.0
13.7 13.3
11.8 11.0
12 M
F
14.4
12.4
14.2
12.9
8.7
15.8
12.0
13.5
13.5 12.8 
12.8 12.1
12-13 M
F
16.6
15.2
15.6
14.1
14-15 M
F
20.9
15.6
19.9
14.8
16-17 M
F
23.3
17.3
21.8
16.6
18-19 M 23.5 22.9
18.1 17.2
Table 5
Adult Pinch Strength Measured in Pounds
(Mathiowetz, Kashinan, Volland, Weber, Dowe, & Rogers, 1985)
Age
Three-Jaw Chuck Tip Prehension Lateral Prehension
Gender Right Left Right Left Right Left
20-24 M 26.6 25.7 18.0 17.0 26.0 24.8
F 17.2 16.3 11.1 10.5 17.6 16.2
25-29 M 26.0 25.1 16.3 17.5 26.7 25.0
F 17.7 17.0 11.9 11.3 17.7 16.6
30-34 M 24.7 25.4 17.6 17.6 26.4 26.2
F 19.3 18.1 12.6 11.7 18.7 17.8
35-39 M 26.2 25.9 18.0 17.7 26.1 25.6
F 17.5 17.1 11.6 11.9 16.6 16.0
40-44 M 24.5 24.8 17.8 17.7 25.6 25.1
F 17.0 16.6 11.5 11.1 16.7 15.8
45-49 M 24.0 23.7 18.7 17.6 25.8 24.8
F 17.9 17.5 13.2 12.1 17.6 16.6
Table 6 - Continued
Age
Three-Jaw Chuck Tip Prehension Lateral Prehension
Gender Right Left Right Left Right Left
50-54 M 23.8 24.0 18.3 17.8 26.7 26.1
F 17.3 16.4 12.5 11.4 16.7 16.1
55-59 M 23.7 21.3 16.6 15.0 24.2 23.0
F 16.0 15.4 11.7 10.4 15.7 14.7
60-54 M 21.8 21.2 15.8 15.3 23.2 22.2
F 14.8 14.3 10.1 9.9 15.5 14.1
65-69 M 21.4 21.2 17.0 15.4 23.4 22.0
F 14.2 13.7 10.6 10.5 15.0 14.3
70-74 M 18.1 18.8 13.8 13.3 19.3 19.2
F 14.4 14.0 10.1 9.8 14.5 13.8
75+ M 18.7 18.3 14.0 13.9 20.5 19.1
F 12.0 11.5 9.6 9.3 12.6 11.4
en
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Factors Affecting Pinch Strength
An examination of tables 3 through 6 reveals that pinch 
strength, like grip strength, is significantly affected by 
gender, age, and handedness. Males are stronger than 
females, and the strength of all three types of pinch tends 
to peak during the 30's and 40's. It is also evident from 
the data contained in the tables that the strength scores 
for tip prehension are considerably lower than the strength 
scores of the other two types of pinch. Jones (1989) 
claimed that this difference was approximately 40 percent.
In terms of hand dominance, most studies have reported a 
less than 10 percent difference between the strength of the 
two hands (Lehmkuhl & Smith, 1983; Swanson et al., 1970; 
Swanson et al., 1990). In fact, Salter (1987) discovered no 
significant differences, and Weiss and Platt (1971) found a 
pinch strength difference for only right-handed subjects.
In addition to gender, age, and handedness, body 
positioning is a major contributor to the magnitude of pinch 
strength. Kraft and Betels (1972) reported that pinch 
strength was greatest with the wrist positioned in 0 to 3 0 
degrees of extension. Extension of the interphalangeal 
joint of the thumb and the proximal and distal 
interphalangeal joints of the fingers was found to increase 
the strength scores obtained for the three-jaw chuck 
(Swanson et al., 1983; Swanson et al., 1990; Tubiana et al., 
1984). Woody and Mathiowetz (1988) discovered that the 
strength of this type of pinch was also greater when the
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forearm was placed in a pronated position. Lateral 
prehension pinch scores were shown to be improved when the 
elbow was flexed 90 degrees, the forearm was positioned in 
neutral, and the interphalangeal joint of the thumb was 
flexed (Apfel, 1986; Mathiowetz, Rennells, & Donahoe, 1985; 
Woody & Mathiowetz, 1988). Although not measured on a 
regular basis, the strength of two-point palmar prehension 
was reported to be greatest when the remaining fingers were 
flexed (Hook & Stanley, 1986).
Effort also significantly affects pinch strength. If 
sincerity of effort is in question during a pinch strength 
evaluation, the J. A. Preston Corporation (1991b) recommends 
repeating the measurements after a short period of time. An 
individual who exerts a maximum effort should obtain similar 
scores during both the test and the retest. If the two 
scores vary to a considerable degree, the person may not 
have given an honest effort.
Only one study has examined the manner in which diurnal 
variations and day-to-day fluctuations affect the magnitude 
of pinch strength. During this investigation. Young et al. 
(1989) reported no significant differences between pinch 
strength measurements taken during the morning and those 
obtained in the afternoon. These researchers also 
discovered that lateral prehension strength scores varied by 
as much as 20 percent from one day to another (Young et al., 
1989).
In general, pinch strength is affected by many of the
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same factors as grip strength. In addition to the factors 
already described in this section, the most important 
remaining variables include height, weight, hand size, 
finger length, environmental conditions, fitness level, 
fatigue, and pain (Burmeister & Flatt, 1975; Imrhan & Loo, 
1989; Jones, 1989; Salter, 1987; Weiss & Flatt, 1971).
Testing Procedures
Like grip strength, pinch strength should be measured 
with a standardized protocol (Smith & Benge, 1985).
According to the American Society of Hand Therapists, the 
body positioning for pinch strength measurements should be 
the same as that used during grip strength testing (J. A. 
Preston Corporation, 1991b; Mathiowetz et al., 1984; Melvin, 
1989). Although this protocol is the most standardized one 
available, the position of the wrist may be allowed to vary 
since consistent pinch strength scores have been reported 
even if the subject's wrist was in 0 to 3 0 degrees of 
extension and/or 0 to 15 degrees of ulnar deviation 
(Mathiowetz et al., 1984; Melvin, 1989). If only one type 
of pinch is to be examined, the American Society of Hand 
Therapists recommends testing lateral prehension (Fess & 
Philips, 1987). In addition, the dominant hand should be 
tested first, and pinch strength should always be measured 
after grip strength (Mathiowetz et al., 1984; Melvin, 1989).
The actual testing procedure for pinch strength is 
identical to that used for grip strength measurements. Each
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subject should be informed about the purpose of the 
procedure, be provided with an explanation of how to 
properly hold onto the pinch gauge, be given instructions to 
exert a maximal effort and maintain this effort for 
approximately 4 seconds, and be generally informed about the 
performance after releasing the grasp (Caldwell et al.,
1974; Chaffin, 1975; Mathiowetz et al., 1984; Melvin, 1989) . 
To initiate and maintain this maximal effort, Mathiowetz et 
al. (1984) recommends that the examiner say, "Are you ready? 
Pinch as hard as you can . . . Harder! . . . Harder! . . .
Relax" (p. 224). Melvin (1989) advocates the use of these 
same instructions. Three trials should be administered, and 
the average of these trials should be recorded as the pinch 
strength score (Boscheinen-Morrin et al., 1985; Fess, 1990; 
Fess & Philips, 1987; Mathiowetz et al., 1984; Melvin,
1989). If only a few measurements are to be taken during 
the session, 30 seconds between trials should be an adequate 
amount of time to minimize the effects of fatigue; however, 
if pinch strength is to be measured approximately 15 times, 
the examiner should give the subjects a 2-minute break 
(Caldwell et al., 1974; Chaffin, 1975).
Summarv
Although norms have not yet been established for the 
Jamar hydraulic pinch gauge, most standard pinch gauges are 
very similar with respect to their measurement abilities. 
Therefore, this section focused on the four studies that
51
have attempted to establish normative pinch strength data. 
Like grip strength, pinch strength is significantly affected 
by gender, age, and handedness. Other important factors 
affecting pinch strength include body positioning, effort, 
diurnal variations, and day-to-day fluctuations. Because 
pinch strength is affected by many factors, it should be 
measured with a standardized protocol.
Immobilization With Plaster of Paris
Plaster of Paris, CaSo^ • %HgO, is the white powder 
that is produced when gypsum, CaSO^ • BH^ O, is heated at 
temperatures greater than 250 degrees Fahrenheit (Barr,
1975; Bleck, Duckworth, & Hunter, 1974; Clippinger, 1976; 
Fess & Philips, 1987; Gibson & Lindsey, 1985; Gleave, 1972; 
Jordan, 1963; Kennedy, 1974; Lewis, 1977; Meyer, 1967; 
Rotstein, 1965; Silfverskiold, 1989; Stone & Lambert, 1975; 
Wehbe, 1982; Wu, 1987). The resulting chemical reaction is 
summarized as, CaSO^ • 2 H2O + heat ^ CaSO^ • + l^HgO.
When a plaster of Paris bandage is placed into room 
temperature water, this reaction is essentially reversed. 
Water molecules become integrated into the calcium sulfate 
causing the liberation of heat and the hardening of the 
plaster (Silfverskiold, 1989; Wu, 1987). The average 
setting time of a plaster cast is 5 to 8 minutes although 
extra-fast setting plaster crystallizes in 2 to 4 minutes 
and slow-setting plaster solidifies in 10 to 18 minutes 
(Bleck et al., 1974; Clippinger, 1976; Fess & Philips, 1987;
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Gleave, 1972; Rotstein, 1965; Stone & Lambert, 1975; Wehbe, 
1982). It may then take an additional 2 0 to 3 0 minutes for 
the cast to dry completely, and ultimate strength is not 
normally achieved for another 24 to 72 hours (Barr, 1975; 
Clippinger, 1976; Fess & Philips, 1987; Gibson & Lindsey, 
1985; Gleave, 1972; Kennedy, 1974; Lewis, 1977; Meyer, 1967; 
Wehbe, 1982; Wu, 1987).
The following areas were examined with regard to the 
immobilization of the hand: (a) functional hand position;
(b) casting supplies; (c) casting techniques;
(d) complications and precautions; and (e) summary.
Functional Hand Position
In order to prevent the development of contractures and 
deformity, the hand should be immobilized in the functional 
position (Anderson, 1965; Braun & McGough, 1985; Melvin, 
1989; Tenney & Lisak, 1986). This position has generally 
been defined as a 20 to 45 degree extension of the wrist, a 
2 0 to 45 degree flexion of the metacarpophalangeal joints of 
the fingers, a 10 to 45 degree flexion of the proximal 
interphalangeal joints, a 0 to 45 degree flexion of the 
distal interphalangeal joints, and a slight degree of thumb 
abduction and opposition (Anderson, 1965; Braun & McGough, 
1985; Gleave, 1972; Gribben, 1986; Lehmkuhl & Smith, 1983; 
Malick, 1988; Melvin, 1989; Reid, 1978; Sammons & Bledsoe, 
1987; Treanor, 1961; Wynn Parry, 1931). Several studies 
have also stated that the forearm should be immobilized in
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neutral, the wrist in 10 degrees of ulnar deviation, and the 
interphalangeal joint of the thumb in a small amount of 
flexion (Lehmkuhl & Smith, 1983; Melvin, 1989; Reid, 1978; 
Sammons & Bledsoe, 1987; Treanor, 1961; Wynn Parry, 1981) . 
When viewing the hand from the dorsal side, the second 
proximal phalanx should appear to be deviated in an ulnar 
direction while the fourth and fifth proximal phalanges 
should appear to be radially deviated (Melvin, 1989). 
Anderson (1965) claimed that this position could be 
"simulated by grasping a baseball" (p. 201). This seems 
logical since the functional position places the hand into 
an orientation that is most optimal for grip (Melvin, 1989) .
In other investigations, the researchers differentiated 
between functional positioning following an acute injury and 
immobilization for an extended period of time. Tenney and 
Lisak (1986) reported that an acute injury was best treated 
by placing the wrist in 30 degrees of extension, the 
metacarpophalangeal joints of the fingers in 6 0 to 70 
degrees of flexion, the interphalangeal joints of the 
fingers in 10 degrees of flexion, and the thumb in a slight 
degree of abduction and opposition. These same researchers 
claimed that in more chronic cases, though, the hand was 
best positioned in 20 to 30 degrees of wrist extension, 80 
to 90 degrees of metacarpophalangeal joint flexion, zero 
degrees of interphalangeal joint flexion, and a small amount 
of thumb abduction and opposition (Tenney & Lisak, 1986) . 
Kapandji (1982), on the other hand, defined the acute
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positioning of the hand to be a neutral orientation of the 
forearm, a 20 degree extension of the wrist including a 
small amount of ulnar deviation, a 50 to 80 degree flexion 
of the metacarpophalangeal joints of the fingers, a 10 to 40 
degree flexion of the proximal interphalangeal joints, a 10 
to 20 degree flexion of the distal interphalangeal joints, 
and an abducted and opposed orientation of the thumb with 
the metacarpophalangeal and interphalangeal joints in a 
slight degree of extension. If the individual required a 
more permanent type of immobilization, the forearm was 
placed in a pronated position, the wrist in 25 degrees of 
extension, the metacarpophalangeal joints of the fingers in 
35 to 50 degrees of flexion, and the proximal 
interphalangeal joints in 40 to 60 degrees of flexion 
(Kapandji, 1982).
No matter which protocol is utilized, it is essential 
that the normal arches of the hand be maintained (Anderson, 
1965; Malick, 1988; Sammons & Bledsoe, 1987; Tenney & Lisak,
1986). In addition, functional positioning of the hand 
should result in a balanced state of relaxation for all 
major muscle groups (Anderson, 1965; Braun & McGough, 1965; 
Sammons & Bledsoe, 1987; Tenney & Lisak, 1986) .
Casting Supplies
In order to immobilize with plaster of Paris, it is 
essential to have an ample supply of plaster bandages on 
hand (Barr, 1975; Bleck et al., 1974; Clippinger, 1976;
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Jordan, 1963; Kennedy, 1974; Lewis, 1977; Meyer, 1967; 
Rotstein, 1965; Stone & Lambert, 1975; Wu, 1987) . These 
bandages are most commonly available in widths ranging from 
2 to 8 inches although Rotstein (1965) described a 1-inch 
plaster bandage, and Jordan (1963) reported using a 10-inch 
width. The width size selected in each individual case is 
dependent upon the size of the body part being immobilized. 
In general, a 3-inch plaster bandage works best for the hand 
while a 4-inch width is the optimal choice when casting a 
wrist and/or forearm (Barr, 1975; Lewis, 1977). Stone and 
Lambert (1975) reported that, in most cases, two rolls of 4- 
inch plaster were required to effectively construct a short- 
arm cast.
Another important item to have on hand is stockinet, a 
light-weight tubular material that lies between the skin and 
the remainder of the cast padding (Bleck et al., 1974; 
Jordan, 1963; Kennedy, 1974; Lewis, 1977; Meyer, 1967; 
Rotstein, 1965; Wehbe, 1982; Wu, 1987). This item is 
normally available in widths ranging from 2 to 12 inches.
As a general rule, 3-inch stockinet is used when casting an 
upper extremity (Wu, 1987). Although Meyer (1967) stated 
that stockinet was an essential supply because it covered 
the skin and increased comfort, not all plaster casts 
include this material. In fact, Wehbe (1982) reported that 
stockinet was usually only found under 50 percent of all 
casts.
In addition to stockinet, other types of cast padding
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materials are commonly used (Bleck et al., 1974; Kennedy, 
1974; Lewis, 1977; Meyer, 1967; Stone & Lambert, 1975; Wu, 
1987). Webril, a bandage composed of soft cotton, is one 
example (Bleck et al., 1974; Lewis, 1977; Wu, 1987) . This 
type of cast padding, normally available in 2- to 6-inch 
widths, is the material that is placed between the stockinet 
and the plaster bandage (Wu, 1987) . Stone and Lambert 
(1975) reported that one roll of 4-inch Webril was usually 
required to effectively pad a short-arm cast. Although cast 
padding is not used in all cases, a padded cast possesses 
advantages such as comfort, ease of removal, and fewer 
problems with pressure sores and impaired circulation; and 
if properly applied, padded casts are just as effective as 
their nonpadded counterparts at providing support for the 
immobilized body part (Bleck et al., 1974) .
Finally, a list of casting supplies is incomplete if it 
does not include a cast cutter and a box of rubber gloves 
(Bleck et al., 1974; Jordan, 1963; Lewis, 1977; Meyer, 1967; 
Wu, 1987) . Although the use of an electric cast saw is the 
most rapid method for removing a cast, plaster scissors 
and/or a plaster knife represent alternative ways to 
accomplish the same task (Bleck et al., 1974; Jordan, 1963; 
Lewis, 1977; Meyer, 1967; Stewart, 1975; Wu, 1987). Rubber 
gloves should always be worn when applying a cast. They not 
only protect the hands but have proven to be an effective 
means of smoothing down the plaster (Jordan, 1963; Meyer, 
1967; Wu, 1987).
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Casting Techniques
Application of a plaster cast generally involves three 
steps. First, stockinet is placed over the appropriate body 
part (Bleck et al., 1974; Lewis, 1977; Meyer, 1967; Wu,
1987). This stockinet is smoothed down against the skin, 
and some extra material is left proximal and distal to the 
area over which the plaster will be applied (Bleck et al., 
1974; Lewis, 1977; Wu, 1987). If transverse wrinkles are 
present, these may be cut off with a pair of scissors (Wu, 
1987) .
Next, the Webril and other cast padding materials are 
applied (Bleck et al., 1974; Kennedy, 1974; Lewis, 1977; 
Meyer, 1967; Wu, 1987). Like the stockinet, these materials 
should lay down smoothly and extend beyond the boundaries of 
the plaster (Bleck et al., 1974; Lewis, 1977; Wu, 1987). 
Although Lewis (1977) stated that the cast padding should be 
rolled onto the body part using transverse turns, Meyer 
(1967) recommended the use of spiral turns. In either case, 
each turn should overlap the previous turn by approximately 
one-half the width of the roll (Bleck et al., 1974; Wu,
1987). When finished applying the cast padding, two to 
three layers of this material should be covering the 
stockinet (Bleck et al., 1974; Wu, 1987).
The final step involves application of the plaster of 
Paris (Bleck et al., 1974; Kennedy, 1974; Lewis, 1977;
Meyer, 1967; Wu, 1987). To accomplish this task, each roll 
of plaster bandage is first moistened with water (Bleck et
58
al., 1974; Jordan, 1963; Kennedy, 1974; Lewis, 1977; Meyer, 
1967; Wu, 1987). The recommended temperature of the water 
ranges from 70 to 104 degrees Fahrenheit depending upon the 
source of the information (Bleck et al., 1974; Fess &
Philips, 1987; Jordan, 1963; Rotstein, 1965; Wehbe, 1982). 
Whereas Lewis (1977) claimed that the water should be as hot 
as possible, Meyer (1967) advocated the use of very cold 
water. Wu (1987) simply described the water as "room 
temperature" (p. 27). In any case, it should be noted that 
plaster of Paris sets more slowly when moistened with cold 
water; however, the use of hot water occasionally results in 
severe burns (Bleck et al., 1974; Gleave, 1972; Jordan,
1963; Lewis, 1977; Wehbe, 1982; Wu, 1987). The method by 
which the plaster rolls are moistened is also somewhat 
controversial. Most researchers believe that the roll 
should be kept immersed in the water until air bubbles are 
no longer seen (Jordan, 1963; Kennedy, 1974; Lewis, 1977; 
Meyer, 1967; Rotstein, 1965; Wu, 1987). Bleck et al.
(1974), though, recommended that the roll be left in the 
water for only 5 seconds. Most researchers also believe 
that the roll should be dropped into the water along its 
longitudinal axis (Jordan, 1963; Lewis, 1977). Other 
researchers, though, claim that the roll is best moistened 
when it is oriented horizontally (Bleck et al., 1974).
After examining both methods more closely, Meyer (1967) 
stated that the manner in which the plaster roll was 
immersed did not make a difference in terms of the resulting
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quality of the cast; and no matter which method was used, 
all of the researchers agreed that once the roll was 
sufficiently moistened, it should be gently squeezed in 
order to remove the excess water (Bleck et al., 1974;
Jordan, 1963; Kennedy, 1974; Lewis, 1977; Meyer, 1967; 
Rotstein, 1965; Wu, 1987) . The roll is then smoothly 
applied to the body part with each turn overlapping the 
previous turn by one-third to one-half the width of the roll 
(Bleck et al., 1974; Jordan, 1963; Kennedy, 1974; Lewis, 
1977; Stone & Lambert, 1975; Wu, 1987) . Although Lewis 
(1977) stated that the plaster roll should be applied using 
transverse turns, Meyer (1967) contended that circular, 
spiral, and figure-eight turns were all appropriate. 
Regardless of the type of turn that is used, it is essential 
that the roll be kept in contact with the body part at all 
times (Bleck et al., 1974; Kennedy, 1974; Stone & Lambert, 
1975; Wu, 1987). It is also recommended that the plaster be 
rubbed continuously during it application (Bleck et al., 
1974; Clippinger, 1976; Jordan, 1963; Kennedy, 1974; Lewis, 
1977; Stone & Lambert, 1975; Wu, 1987). To complete the 
cast, the plaster is trimmed at each end, and the stockinet 
and cast padding are folded over and secured with a small 
amount of additional plaster (Lewis, 1977; Wu, 1987). A 
finished cast ideally consists of four to six layers of 
plaster bandages with an evenly distributed thickness of 
one-eighth to one-fourth of an inch (Clippinger, 1976; 
Kennedy, 1974; Stone & Lambert, 1975; Wu, 1987).
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A plaster cast is normally removed by bivalving it with 
a cast cutter (Lewis, 1977; Meyer, 1967; Stewart, 1975) . 
During this procedure, one longitudinal cut is made along 
the medial border of the cast and a similar cut is made on 
the lateral side (Lewis, 1977; Meyer, 1967; Stewart, 1975) . 
The anterior portion of the cast is then removed, and the 
body part is taken out of the posterior portion (Lewis,
1977; Stewart, 1975). Although this is the most common 
method currently employed, an individual may instead opt to 
soak off the cast by immersing it in water (Gibson &
Lindsey, 1985).
Complications and Precautions
Gibson and Lindsey (1985) reported that most of the 
complications associated with the use of plaster casts were 
the direct result of heat, pressure, and/or moisture.
Excessive heat can lead to thermal burns (Gibson & 
Lindsey, 1985; Silfverskiold, 1989; Wehbe, 1982; Wu, 1987). 
The factors most commonly implicated in these burns include 
the use of hot water for immersing the plaster bandages, the 
construction of casts that are extremely thick, and the lack 
of adequate ventilation in the casting area (Fess & Philips, 
1987; Gibson & Lindsey, 1985; Wehbe, 1982; Wu, 1987). 
According to Fess and Philips (1987), the danger of thermal 
burns may be minimized by using a fan to increase the air 
circulation. This fan is most useful during the time in 
which the plaster is setting.
6 1
Excessive pressure can lead to pressure sores, impaired 
circulation, and/or nerve palsies (Beidler, 1968; Gibson & 
Lindsey, 1985; Lewis, 1977; Meyer, 1967; Stewart, 1975; Wu, 
1987).
The cast padding itself may cause the development of 
pressure sores, especially if an incorrect quantity is used 
or if it is improperly applied (Beidler, 1968; Gibson & 
Lindsey, 1985; Lewis, 1977; Meyer, 1967; Stewart, 1975; Wu, 
1987). Skin breakdown may also result from irregularities 
on the inside surface of the plaster or from foreign bodies 
that become lodged in the cast (Gibson & Lindsey, 1985; 
Lewis, 1977; Stewart, 1975; Wu, 1987). This problem is 
particularly prevalent over bony prominences such as the 
radial styloid process (Beidler, 1968; Gibson & Lindsey, 
1985; Lewis, 1977; Stewart, 1975; Wu, 1987). To minimize 
the occurrence of this complication, great care should be 
taken when applying the cast, and bony prominences should be 
adequately padded (Beidler, 1968; Gibson & Lindsey, 1985; 
Lewis, 1977; Stewart, 1975). If symptoms of a pressure sore 
develop, a window should be opened in the cast by cutting 
out a small portion of the plaster and cast padding (Lewis, 
1977; Stewart, 1975; Wu, 1987). Once this is accomplished, 
the area of concern may be visually examined.
Impaired circulation is a very serious problem 
associated with excessive pressure (Beidler, 1968; Stewart, 
1975). This complication most often occurs when there is a 
lot of edema present in the immobilized body part (Stewart,
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1975). Therefore, the cast should have an adequate amount 
of padding; and if symptoms of this problem develop, the 
cast should be split lengthwise or removed (Stewart, 1975).
Nerve palsy is the third major problem that 
occasionally results from excessive pressure (Gibson & 
Lindsey, 1985; Wu, 1987). Wu (1987) reported that the 
nerves most frequently affected were the common peroneal, 
ulnar, and median. Proper cast application has been shown 
to minimize the occurrence of this complication (Gibson & 
Lindsey, 1985) .
Finally, excessive moisture can lead to infections and 
dermatitis (Beidler, 1968; Fess & Philips, 1987; Gibson & 
Lindsey, 1985; Wu, 1987). Although bacterial infections are 
most common, fungal infections, parasitic infections, and 
skin rashes may also occur (Beidler, 1968; Fess & Philips, 
1987; Gibson & Lindsey, 1985; Wu, 1987). These occasionally 
result in serious complications; however, the chance of them 
occurring may be kept to a minimum by using clean cast 
padding and attempting to avoid those materials that are 
most apt to cause an allergic reaction (Beidler, 1968; Wu, 
1987).
Summarv
To properly immobilize a hand, the hand should be 
placed in the functional position. Once the hand is 
positioned in this manner, application of a short-arm cast 
generally involves three steps. First, 3-inch stockinet is
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placed over the appropriate body part. Next, one roll of 4- 
inch Webril is placed over the stockinet. Finally, two 
rolls of 4-inch plaster bandages are applied to the body 
part such that the finished cast ideally consists of four to 
six layers of plaster with an evenly distributed thickness 
of one-eighth to one-fourth of an inch. Most of the 
complications associated with the use of plaster casts are 
the direct result of excessive heat, pressure, and/or 
moisture.
Effects of Immobilization on Skeletal Muscle
This section begins by summarizing the effects of 
immobilization on various types of animals as well as humans 
who were casted as the result of an injury. The second 
portion of this section examines the nine studies that have 
investigated how immobilization affects the skeletal muscle 
of normal human subjects.
Effects of Immobilization on Animals/Casted Human Subjects
The effects of immobilization may be summarized by 
examining these three areas: (a) anatomical effects;
(b) physiological effects; and (c) functional effects.
Anatomical Effects. The most significant effect of 
immobilization is the resultant muscular atrophy, a decrease 
in the cross-sectional area and/or mass of a muscle (Appel1, 
1986, 1990; Rose & Rothstein, 1982; St.-Pierre & Gardiner, 
1987). Although St.-Pierre and Gardiner (1987) reported
64
that visible changes were not apparent during the first 
couple of days, the greatest immobilization effects have 
been found to occur within the first week (Appell, 1986,
1990; Booth, 1987) . In fact, atrophy appears to begin 
during the first few hours of the immobilization period 
(Booth & Gollnick, 1983; Feldman, 1968). These atrophic 
changes then demonstrate a rapid progression over the first 
week before tapering off around the seventh or eighth day 
(Appell, 1990; Booth, 1987; Sandler, 1986; St.-Pierre & 
Gardiner, 1987).
Several factors affect the rate and degree of muscular 
atrophy. One important factor is the type of species that 
undergoes immobilization (St.-Pierre & Gardiner, 1987).
St.-Pierre and Gardiner (1987) reported that animals 
possessing a short life span tend to experience more rapid 
atrophic changes. With respect to human subjects, variables 
such as age, gender, muscle type, condition of the muscle, 
position of the body part, and duration of the 
immobilization period all play major roles in the resulting 
adaptations (Appell, 1986, 1990; St.-Pierre & Gardiner,
1987; Wills, Caiozzo, Yasukawa, Prietto, & McMaster, 1982). 
Position of the immobilized body part has a considerable 
effect upon the amount of atrophy that occurs. Muscles 
immobilized in shortened positions tend to exhibit the most 
extensive atrophy, whereas immobilizing a muscle in a 
lengthened position prevents, or at least delays, the onset 
of atrophic changes (Appell, 1990; Booth, 1982; Booth &
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Gollnick, 1983; Jolesz & Sreter, 1981; St.-Pierre &
Gardiner, 1987; Steinberg, 1980). Some studies have even 
found that lengthened muscles may experience a hypertrophic 
transformation (Booth, 1982, 1987; Booth & Gollnick, 1983) . 
These findings are often attributed to an alteration in 
sarcomere number (Appell, 1986; Booth, 1982; Jolesz &
Sreter, 1981; St.-Pierre & Gardiner, 1987; Wills et al.,
1982). When a muscle is immobilized in a shortened 
position, its number of sarcomeres decreases. A muscle 
positioned in a lengthened state, on the other hand, tends 
to add sarcomeres. As a result, the muscle is able to 
maintain its normal overlap of actin and myosin filaments 
(Appell, 1986; St.-Pierre & Gardiner, 1987).
The rate and degree of atrophy may not be identical in 
terms of the two major types of muscle fibers. Although 
Steinberg (1980) discovered a greater amount of atrophy in 
fast-twitch fibers, other researchers have reported a 
preferential atrophy of the slow-twitch fibers (Appell,
1986, 1990; Jolesz & Sreter, 1981) . In fact, Appell (1986) 
found that slow-twitch fibers tended to undergo a more 
extensive degeneration process at the microscopic level. In
addition, several studies have shown that tonic muscles, 
with a higher percentage of slow-twitch fibers, tend to be 
more adversely affected by immobilization than phasic 
muscles, which contain a greater number of fast-twitch 
fibers (Appell, 1990; St.-Pierre & Gardiner, 1987).
Although slow-twitch muscle fibers may appear to atrophy to
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a greater extent. Booth and Gollnick (1983) claimed that 
these fibers simply began to atrophy earlier in the 
immobilization period. If immobilized long enough, both 
fiber types displayed the same types of atrophic changes. 
Finally, several researchers reported that atrophy occurred 
equally with respect to the two major types of muscle fibers 
(Rose & Rothstein, 1982; Sandler, 1986; St.-Pierre & 
Gardiner, 1987; Wills et al., 1982). With this in mind.
Rose and Rothstein (1982) stated that "at the present time, 
clinicians might want to assume that a mixed atrophy exists 
in cast-immobilized patients" (p. 1778).
Although studies have proven that muscle fibers 
decrease in size during a period of immobilization, most 
researchers have discovered that the fiber number remains 
unchanged (Feldman, 1968; Steinberg, 1980). Even those 
researchers who claim to have found a decrease in the number 
of slow-twitch fibers admit that this apparent reduction may 
be attributable to the conversion of these slow-twitch 
fibers into the fast-twitch type (Appell, 1990; Booth, 1982; 
Rose & Rothstein, 1982). In other words, the fiber number 
remains constant, but the percentage of slow-twitch fibers 
decreases with a resultant increase in the number of fast- 
twitch fibers. Although this may seem like a logical 
explanation, most studies have shown no evidence of fiber 
transformation (Booth & Gollnick, 1983; Jolesz & Sreter, 
1981; St.-Pierre & Gardiner, 1987).
In most cases, the effects of immobilization are
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reversible once the affected body part is able to move about 
in a normal manner. During extended periods of 
immobilization, though, serious complications may arise.
One such potential problem is the replacement of normal 
muscle fibers with fibrous tissue (Feldman, 1968; Sandler, 
1986; Steinberg, 1980). Although Feldman (1968) claimed 
that it took several months for fibrosis to begin, Sandler
(1986) reported the presence of fibrotic tissue after only 6 
weeks of immobilization.
Physiological Effects. In terms of the biochemistry of 
a muscle, several studies have examined the effects that 
immobilization has on the muscle's energy stores, oxidative 
enzymes, glycolytic enzymes, protein content, and insulin 
action.
Researchers examining the effects of immobilization on 
the muscle's energy stores have consistently discovered that 
the levels of creatine, creatine phosphate, and glycogen 
tend to decrease (Appell, 1986, 1990; Booth, 1982, 1987;
Rose & Rothstein, 1982; St.-Pierre & Gardiner, 1987; Wills 
et al., 1982). The reported effects with respect to the 
concentrations of ATP and ADP, though, have been very 
contradictory. Several studies have shown a considerable 
reduction in the amount of ATP and ADP (Booth, 1982, 1987; 
St.-Pierre & Gardiner, 1987); however, other investigations 
have found no significant change in the level of these high 
energy phosphates (Appell, 1990; Rose & Rothstein, 1982; 
Wills et al., 1982). Appell (1986) attempted to summarize
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this controversy by stating that under certain conditions, 
the concentrations of ATP and ADP decrease while under other 
circumstances, these levels remain unchanged.
The activity of the oxidative enzymes has consistently 
been shown to decrease during periods of immobilization 
(Appell, 1986, 1990; Rose & Rothstein, 1982; St.-Pierre & 
Gardiner, 1987; Wills et al., 1982). This discovery is 
particularly true in the case of both succinate 
dehydrogenase and citrate synthase. St.-Pierre and Gardiner
(1987) reported that this reduced activity was most evident 
in muscles containing a high percentage of slow-twitch 
fibers, especially if the muscle had been immobilized in a 
shortened position.
Unlike their oxidative counterparts, glycolytic 
enzymes, such as phosphofructokinase and phosphorylase, tend 
to maintain their normal activity throughout periods of 
immobilization (Appell, 1986, 1990; St.-Pierre & Gardiner, 
1987; Wills et al., 1982). If a decrease in activity does 
take place, the change is usually very minimal (St.-Pierre & 
Gardiner, 1987). St.-Pierre and Gardiner (1987) reported 
that these slight reductions most often occurred in muscles 
composed of a large number of fast-twitch fibers, especially 
if the muscle had been immobilized in a lengthened position.
The protein content of a muscle is significantly 
affected by immobilization (Appell, 1986, 1990; Booth, 1982, 
1987; Booth & Gollnick, 1983; Rose & Rothstein, 1982; 
Sandler, 1986; St.-Pierre & Gardiner, 1987; Steinberg,
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198 0). Studies have shown that the rate of protein 
synthesis decreases within the first 6 hours (Appell, 1986, 
1990; Booth, 1982, 1987; Booth & Gollnick, 1983; Sandler,
1986). The rate of protein degradation, on the other hand, 
does not increase until several days later (Booth, 1987;
St.-Pierre & Gardiner, 1987). Therefore, the reduction in 
protein levels during the early stages of immobilization is 
primarily the result of a decline in protein synthesis
(Appell, 1986, 1990; Booth, 1982; St.-Pierre & Gardiner,
1987). Myofibrillar, or contractile, protein tends to be 
the type that is preferentially lost with actin, myosin, and 
troponin-C the most significantly affected (Appell, 1986, 
1990; Booth, 1982, 1987; St.-Pierre & Gardiner, 1987).
Other types of protein, on the other hand, tend to be spared 
to a greater extent (Appell, 1990; St.-Pierre & Gardiner,
1987). Although protein levels are generally recognized to 
decrease during periods of immobilization, Steinberg (1980) 
reported an increased rate of protein synthesis when a 
muscle was immobilized in a lengthened position.
In terms of insulin action, immobilization is reported 
to decrease insulin's effectiveness in activating the uptake 
of glucose (Booth, 1982, 1987; Booth & Gollnick, 1983; St.- 
Pierre & Gardiner, 1987) . Insulin also tends to lose some 
of its ability to stimulate the synthesis of glycogen 
(Booth, 1987; St.-Pierre & Gardiner, 1987).
Other biochemical adaptations that frequently occur in 
muscles as a direct result of immobilization include
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increases in chloride and sodium levels and a decrease in 
the functioning of the mitochondria (Appell, 1986, 1990; 
Booth, 1982; Booth & Gollnick, 1983; St.-Pierre & Gardiner, 
1987). Appell (1990), though, reported no change in the 
concentrations of potassium, phosphorus, sulfur, or 
magnesium. In terms of RNA, Appell (1986, 1990) and Booth 
(1982, 1987) discovered no change in the level of this high- 
energy phosphate during the first couple of days of 
immobilization; however, RNA concentrations do appear to 
decrease fairly early in the immobilization period (St.- 
Pierre & Gardiner, 1987) . The amount of DNA, on the other 
hand, tends to remain unchanged (St.-Pierre & Gardiner,
1987). Finally, myoglobin levels may increase, decrease, or 
remain unaffected during periods of immobilization (Appell, 
1990; Booth, 1982; Booth & Gollnick, 1983; St.-Pierre & 
Gardiner, 1987). Booth and Gollnick (1983) attributed this 
finding to the discovery that myoglobin concentrations tend 
to decrease in muscles containing a higher percentage of 
slow-twitch fibers and increase in muscles composed of a 
greater number of fast-twitch fibers.
In addition to the altered biochemistry of an 
immobilized muscle, several other physiological changes have 
been shown to occur. First of all, the electrical activity 
of the muscle, measured by an EMG, decreases significantly 
(Appell, 1986, 1990; Booth, 1982; Booth & Gollnick, 1983; 
Jolesz Sc Sreter, 1981; St.-Pierre & Gardiner, 1987; Wills et 
al., 1982). Booth (1982) also reported that the firing
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pattern of the muscle tended to shift from a tonic pattern 
to a more phasic one. Another physiological change that 
occurs in response to immobilization is an increased 
quantity of blood flow to the immobilized muscle (Appell, 
1986, 1990; Booth, 1982) . Although more blood is pumped to 
the muscle, Appell (1990) reported that fewer capillaries 
supplied each muscle fiber. Finally, several studies 
discovered significant changes in the muscle's ability to 
metabolize carbohydrates, fats, and proteins (Booth, 1982;
St.-Pierre & Gardiner, 1987) .
Functional Effects. A decrease in strength is the most 
significant functional change that occurs in immobilized 
muscles (Appell, 1986, 1990; Booth, 1987; Feldman, 1968; 
Muller, 1970; Sandler, 1986; St.-Pierre & Gardiner, 1987; 
Steinberg, 1980; Wills et al., 1982) . St.-Pierre and 
Gardiner (1987) reported that this reduction in strength 
involved both the dynamic and static properties of the 
muscle. Strength changes become apparent during the first 
couple of days of immobilization and then progress in a 
fairly linear fashion throughout the first week (Appell, 
1990; Muller, 1970; Steinberg, 1980). After the seventh or 
eighth day, though, further declines are very minimal 
(Appell, 1986, 1990; Muller, 1970; Steinberg, 1980; Wills et 
al., 1982). One investigation reported an average strength 
reduction of 2 to 3 percent per day over a 7-day 
immobilization period (Muller, 1970) . Another study 
examined strength loss over a 14-day period of
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immobilization and reported that the average daily change 
was between 1 and 6 percent (Appell, 1986, 1990; Muller,
1970; Wills et al., 1982). When the strength decreases 
cited in the most recent studies were averaged, 
immobilization was generally found to result in a 3 to 4 
percent daily drop in strength during the first week 
(Appell, 1990; Steinberg, 1980). Muller (1970), though, 
discovered that individuals who performed unintentional 
isometric exercises with the immobilized body part lost an 
average of 2 to 3 percent of their strength per day, whereas 
subjects demonstrating better self-control experienced an 
average daily strength decline of 5 percent. Muller (1970) 
also reported a study that examined the effect of 
immobilization on grip strength. Although it was unclear if 
the subjects in the investigation were immobilized as the 
result of an injury, these individuals exhibited a 2.7 to 
5.2 percent decrease in grip strength each day throughout 
the 7-day immobilization period.
On a more subtle basis, an immobilized muscle 
experiences a considerable reduction in its twitch tension 
and tetanic tension (Appell, 1990; Booth, 1987; St.-Pierre & 
Gardiner, 1987) . In addition, St.-Pierre and Gardiner 
(1987) reported a decrease in reflex potentiation and a drop 
in the number of motor units recruited during muscle 
contraction, and Appell (1990) claimed that the half­
relaxation time of a muscle significantly declined as the 
result of immobilization. Finally, it has been discovered
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that immobilized muscles tend to develop a faster rate of 
contraction, especially those muscles containing a higher 
percentage of slow-twitch fibers (Appell, 1990; Booth & 
Gollnick, 1983; Rose & Rothstein, 1982; St.-Pierre &
Gardiner, 1987) .
Although muscle fatigue is the other functional change 
that may occur as a direct result of immobilization, this 
claim has not been entirely proven. Appell (19 9 0) and Booth 
(1987) both reported a positive correlation between the 
length of the immobilization period and the degree of the 
resultant fatigue; however, St.-Pierre and Gardiner (1987) 
stated that immobilization does not significantly affect the 
isometric or isotonic endurance of a muscle.
Effects of Immobilization on Normal Human Subjects
In 1967, Stillwell, McLarren, and Gersten casted one of 
the lower extremities of 22 subjects. During the 14-day 
immobilization period, half of the subjects performed 
isometric exercises for the quadriceps and hamstrings, while 
the remainder of the subjects did not. Following removal of 
the casts, the subjects who had not exercised exhibited a 
significant decrease in the isometric and isotonic strength 
of the quadriceps as well as a considerable reduction in the 
circumferential measurements of the thigh. The exercised 
group, on the other hand, displayed no significant changes 
in quadriceps strength or thigh circumference. In fact, 
this second group of subjects even demonstrated a
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significant increase in the isometric strength of the 
quadriceps at the angle at which the knee had been 
immobilized.
Six years later, Hills and Byrd (1973) applied a cast 
to the non-dominant upper extremity of a male subject.
After 30 days of immobilization, the cast was removed and 
the following results were reported: (a) a 44 percent
decrease in grip strength; (b) a reduction in relative 
endurance of the upper extremity; (c) a decrease in total 
arm volume; (d) a reduction in wrist range of motion,- and 
(e) an increase in blood flow to the forearm. Grip 
strength, which was measured with a Stoelting hand 
dynamometer, returned to normal within 45 days of cast 
removal.
In 1977, MacDougall, Ward, Sale, and Sutton examined 
the effects of immobilization on elbow extension strength 
and arm circumference. During this study, 9 male subjects 
had their non-dominant upper extremities placed in casts for 
a period of 5 weeks. Following cast removal, the subjects 
exhibited a decrease in both the isotonic strength of the 
elbow extensors and the circumferential measurements of the 
arm. In addition, the immobilization resulted in 
significantly decreased levels of creatine, creatine 
phosphate, and muscle glycogen; however, ATP and ADP 
concentrations were not greatly affected.
In another study, Rozier, Elder, and Brown (1979) 
investigated the effects of immobilization on the strength
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of the quadriceps and the circumference of the thigh. At 
the beginning of this investigation, the left lower 
extremities of 20 subjects were casted. During the 9-day 
immobilization period, half of the subjects performed quad 
sets while the remainder of the subjects did not. After the 
casts were removed, the subjects who had not exercised 
displayed a considerable decrease in quadriceps strength.
The exercised group, on the other hand, exhibited no 
significant change in the strength of that muscle group.
Quite surprisingly, an increase in thigh circumference was 
discovered for both groups of subjects.
In 1980, MacDougall, Elder, Sale, Moroz, and Sutton 
casted the non-dominant upper extremities of 6 male 
subjects. Following the 5 to 6 weeks of immobilization, the 
casts were removed, and needle biopsies were obtained from 
the triceps. These biopsies showed a significant decrease 
in the size of both the fast-twitch and slow-twitch muscle 
fibers with this reduction more apparent in the fast-twitch 
fibers. Results of the investigation also revealed a 
decrease in the isotonic strength of the elbow extensors.
In another study. Sale, McComas, MacDougall, and Upton 
(1982) applied casts to the non-dominant upper extremities 
of 11 male subjects. After 5 weeks of immobilization, the 
subjects exhibited a significant decrease in reflex 
potentiation and voluntary strength of the thenar muscles; 
however, isometric twitch properties, motor-unit counts, and 
motor nerve conduction velocities were not significantly
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affected.
In 1989, Vaughan examined the effects of immobilization 
on the strength of the elbow flexors and extensors. During 
this investigation, 6 subjects had their non-dominant upper 
extremities placed in casts for a period of 14 days.
Following cast removal, the subjects exhibited a significant 
decrease in elbow flexion strength. The immobilization also 
resulted in a decrease in the integrated electromyographic 
peak amplitude of the antagonist during elbow flexion and of 
both the agonist and antagonist during elbow extension; 
however, elbow extension strength and movement times for 
flexion and extension were not significantly altered.
That same year, Richter, Kiens, Mizuno, and Strange 
(1989) investigated the effect that immobilization had upon 
insulin action in the thigh. During this study, 5 male 
subjects had one of their lower extremities placed in a 
splint. At the conclusion of the 7-day immobilization 
period, the action of insulin on glucose and tyrosine was 
found to be diminished; however, the insulin action on free 
fatty acids, glycerol, oxygen, and potassium was not 
significantly affected. In addition to these findings, the 
investigation revealed a considerable decrease in the volume 
of the thigh.
Finally in 1990, Duchateau and Hainaut placed a cast on 
one of the hands of a healthy subject. After more than 6 
weeks of immobilization, the following changes had occurred 
in the subject's adductor pollicis: (a) a decrease in the
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motor unit twitch force; (b) an increase in the motor unit 
contraction time; and (c) a decrease in the maximal firing 
rate of the motor unit. Despite these differences, the 
order of recruitment remained unchanged.
Summary
In several recent studies involving various types of 
animals or humans who were casted as the result of an 
injury, researchers have reported that the greatest effects 
of immobilization occur within the first week. The 
immobilization effects described in the literature include 
anatomical effects such as muscular atrophy; physiological 
effects such as alterations in the muscle's energy stores, 
oxidative enzymes, glycolytic enzymes, protein content, and 
insulin action; and functional effects such as a decrease in 
muscle strength.
In terms of the nine studies that have examined the 
effects of immobilization on normal human subjects, most of 
these investigations used an immobilization period longer 
than one week. Although one recent study did use a one-week 
period of immobilization, this investigation did not examine 
the effects of immobilization on muscle strength.
CHAPTER III
METHODOLOGY
The purpose of the study was to determine whether a 
one-week period of immobilization resulted in a significant 
decrease in the grip strength and/or pinch strength of 
normal subjects. The procedures used in the investigation 
were grouped under the following headings; (a) subjects;
(b) instrumentation; (c) casting procedures; (d) strength 
measurement procedures; and (e) statistical analysis 
procedures.
Subj ects
After receiving a detailed explanation of the 
investigation, 35 individuals voluntarily agreed to serve as 
participants. Each subject was a right-handed female 
physical therapy student between the ages of 21 and 45.
After consenting to participate in the study, each 
subject was randomly assigned to either a control group or 
an experimental group through the use of a table of random 
numbers. During the pre-test, each subject in the control 
group met with the investigator for approximately 15 minutes 
to have her left hand tested for grip strength and pinch 
strength. After one week had elapsed, the subject returned
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for a post-test during which these measurements were taken 
again. Each subject in the experimental group, on the other 
hand, met with the investigator for approximately 30 
minutes. During this pre-test, the subject had her left 
hand tested for grip strength and pinch strength, and then 
this hand was placed in a cast. After a one-week period of 
immobilization, she returned for a post-test during which 
the cast was removed, and the strength measurements were 
taken again.
Two subjects in the experimental group withdrew from 
the study prior to participating in the pre-test. Another 
subject in the experimental group had her cast removed 
approximately 52 hours into the one-week immobilization 
period due to skin breakdown on her left hand. Finally, the 
strength measurements from one of the subjects in the 
control group were discarded because the individual had 
fractured her left ulna less than six months before the 
beginning of the investigation. Therefore, statistical 
analyses were performed on the data obtained from 17 control 
subjects and 15 experimental subjects.
The data collection procedures took place between 
Monday, June 21, 1993 and Thursday, July 22, 19 93. The pre­
test and post-test for each subject were administered at 
identical times during the day, and the individual was given 
the opportunity to select the one-week period during which 
the testing occurred. In order to maintain confidentiality 
throughout the study, each subject was assigned a number.
and this number was used whenever a reference was made to 
the subject.
Instrumentation
Grip strength was measured with the Jamar hydraulic 
hand dynamometer. This particular instrument was capable of 
displaying strength scores as large as 2 00 pounds although 
grip strength could only be measured to the nearest pound. 
During the testing procedures, grip strength was measured by 
alternately positioning the instrument's adjustable handle 
to accommodate grip sizes of 1 3/8, 1 7/8, 2 3/8, 2 7/8, and 
3 3/8 inches so that each subject was tested at all five 
handle positions. When force was applied to the handle, a 
peak-hold needle retained the highest grip strength score 
for that particular trial. To avoid dropping the hand 
dynamometer during testing, the instrument's safety strap 
was placed around the subject's wrist.
Pinch strength was measured with the Jamar hydraulic 
pinch gauge. This particular instrument was capable of 
displaying strength scores as large as 5 0 pounds although 
pinch strength could only be measured to the nearest half- 
pound. During the testing procedures, pinch strength was 
examined by measuring the strength of the three-jaw chuck, 
tip prehension, and lateral prehension. All three types of 
pinch were assessed by having each subject place her thumb 
on the pinch button and her appropriate fingers on the pinch 
block. When force was applied to the pinch button, a peak-
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hold needle retained the highest pinch strength score for 
that particular trial. To avoid dropping the pinch gauge 
during testing, the instrument's safety strap was placed 
around the investigator's wrist, and the investigator also 
held onto the dial.
The J. A. Preston Corporation (1991a, 1991b, 1992) 
guaranteed that both the Jamar hand dynamometer and Jamar 
pinch gauge were properly calibrated for a period of one 
year from the time these instruments were loaned to the 
Grand Valley State University Physical Therapy Department.
A customer service representative also instructed the 
investigator how to adjust each instrument's calibration 
screw in the event that the needle failed to return to zero 
following a strength measurement; and throughout the course 
of the strength measurement procedures, several minor 
adjustments were necessary.
Casting Procedures
During the one-week period of time between the pre-test 
and post-test, each subject in the experimental group had 
her left hand immobilized in a functional position. This 
hand positioning was simulated by having the subject grasp a 
3-inch roll of gauze while keeping her forearm and wrist in 
neutral. A plaster cast was then applied through a series 
of three basic steps.
First, 3-inch stockinet was placed over the subject's 
forearm and hand while she continued to hold onto the gauze
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roll. This light-weight tubular material extended from the 
elbow past the tips of the fingers and thumb.
Next, one roll of 4-inch Webril was placed over the 
stockinet. This soft cotton bandage extended from the 
middle of the forearm to the distal interphalangeal joints 
of the fingers. It was applied by using spiral turns with 
each turn overlapping the previous one by approximately one- 
half the width of the roll.
Finally, one roll of 4-inch extra-fast setting plaster 
bandage was used. The plaster was moistened by immersing it 
in room temperature water until air bubbles were no longer 
seen. Four strips of plaster were then placed on the 
subject's hand in such a way that each strip began on the 
medial side of the wrist, extended across the middle phalanx 
of each finger, and ended on the lateral side of the wrist. 
The remainder of the roll was applied to the subject's 
forearm and hand using spiral turns with each turn 
overlapping the previous one by approximately one-half the 
width of the roll. When the cast was complete, plaster 
covered the distal half of the forearm as well as the wrist,
hand, and digits. A small opening was left at the end of
the cast so the subject and investigator could periodically 
inspect the skin overlying the distal phalanges of the
fingers and the tip of the thumb.
Each subject in the experimental group received a list 
of instructions regarding cast care and precautions (see 
Appendix B). This handout instructed the subject against
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performing isometric muscular contractions with her 
immobilized hand. It also included a list of emergency 
telephone numbers should she experience any problems during 
the one-week period of immobilization. After one week had 
elapsed, the cast was removed through a combination of 
soaking it in water and cutting it with a pair of plaster 
scissors.
Strength Measurement Procedures
Prior to beginning the grip strength and pinch strength 
testing, each subject was informed about the purpose of the 
procedures and was required to sign a consent form (see 
Appendix A). The subject was then seated with her shoulder 
in adduction and neutral rotation, her elbow in 90 degrees 
of flexion, her forearm in neutral, and her wrist in 
neutral. After this body positioning was achieved, the 
investigator provided the subject with a verbal explanation 
and visual demonstration of how to properly hold onto each 
measurement instrument. In terms of the three-jaw chuck, 
the subject was instructed to keep her fourth and fifth 
digits completely flexed while extending the interphalangeal 
joints of her first, second, and third digits. Tip 
prehension was tested by having the subject completely flex 
her third, fourth, and fifth digits while forming the letter 
"o" with her thumb and index finger. During the testing of 
lateral prehension, the subject kept the interphalangeal 
joint of her thumb completely extended while slightly
84
flexing all of her fingers.
Once the subject was properly positioned with the 
measurement instrument in her left hand, she was instructed 
to look at the wall behind the investigator, exert a maximal 
grip strength or pinch strength effort, and maintain this 
effort for approximately 4 seconds. The investigator 
encouraged the subject during the grip strength testing by 
saying, "Look over my shoulder. Squeeze as hard as you can 
. . . Harder! . . . Harder! . . . Relax." During the pinch
strength testing, the investigator said, "Look over my 
shoulder. Pinch as hard as you can . . . Harder! . . .
Harder! . . . Relax." After releasing the grasp, each
subject was informed about her performance in a general, 
positive manner. Three trials of each type of grip and 
pinch were administered, and the average of these trials was 
recorded as the strength score. Because only 3 0 seconds 
could feasibly be allowed between each trial, the three 
trials of each type of grip and pinch were not administered 
sequentially. Instead, they were randomly administered 
during the pre-test in order to minimize the effects of 
fatigue. This random order was achieved by having each 
subject draw index cards that contained the names of the 
particular types of grip and pinch. The same random order 
was then adhered to during the post-test.
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Statistical Analysis Procedures
A separate unpaired t-test was computed for each type 
of grip and pinch. Throughout these calculations, 
represented the mean of the percent change in the control 
group's strength between the pre-test and post-test, Xg 
represented the mean of the percent change in the 
experimental group's strength between the pre-test and post­
test, n^  represented the number of subjects in the control 
group, Ug represented the number of subjects in the 
experimental group, s^  ^represented the variance of the 
control group's strength, and s^ g represented the variance 
of the experimental group's strength. Based upon the 
assumption that there was no significant difference between 
the variances of the two groups of subjects, the unpaired t- 
test for each type of grip and pinch was computed in the 
following manner. First, the pooled variance estimate was 
calculated by using the formula:
2 - . .2
(1 )
S^p = S^c (Ug - 1) + S^g (Ug - 1)
n„ + n.
Next, the standard error of the difference between the means 
was determined by using the formula :
X_-X_ =
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Finally, the t-ratio was found by using the formula:
t = Xc -
______  (3:
=Xc-Xe
Assuming a homogeneity of variance, the number of degrees of 
freedom associated with this unpaired t-test was represented 
by the formula:
df = (n^  - 1) + (Ue - 1) (4)
Since data was collected from 17 control subjects and 15 
experimental subjects, the number of degrees of freedom was 
3 0; and since it was hypothesized that the strength of each 
type of grip and pinch would be significantly decreased 
following a one-week immobilization period, a one-tailed t- 
test at Os ^ = . 0 1 was performed. By examining a table that 
displayed critical values of t, (o< = .od^ oo) was found to be 
2.457. In other words, if the obtained t-ratio proved to be 
greater than or equal to this critical value of 2.457, then 
the investigator would reject the null hypothesis which 
stated that a one-week period of immobilization will not 
result in a significant reduction in the type of grip 
strength and/or pinch strength being measured.
CHAPTER IV 
RESULTS/DATA ANALYSIS
The purpose of the study was to determine whether a 
one-week period of immobilization resulted in a significant 
decrease in the grip strength and/or pinch strength of 
normal subjects. The results of the investigation were 
grouped under the following headings: (a) an analysis of
the grip strength data; and (b) an analysis of the pinch 
strength data.
An Analysis of the Grip Strength Data
Table 7 displays the change in grip strength of each 
subject in the control group that occurred between the pre­
test and post-test, while Table 8 shows the change in grip 
strength of each subject in the experimental group. In 
order to standardize the results, the change in each 
subject's grip strength was expressed as a percentage. If 
the percent change was represented by a positive number, it 
implied that the subject had experienced an increase in grip 
strength between the pre-test and post-test. If a negative 
number was used to represent the percent change, this 
suggested that the subject's grip strength had decreased 
over that one-week period of time. The mean and variance of
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Table 7
Percent Change in the Control Group's Grip Strength
Between the Pre-Test and Post-Test
Handle Position
Subject # 1 2 3 4 5
1C -18.25 -4.45 -12.49 -3.82 -7.40
2C -24.34 -12.78 -15.63 -19.07 -5.97
3C -6.98 +0.59 +5.81 -2.55 -1.05
4C +5.53 -8.42 +1.33 -3.95 -6.14
5C -12.99 -23.25 -14.07 -16.90 -6.99
6C 0 -0.66 -7.13 -7.70 -12.40
7C +5.51 -12.37 -11.42 -17.46 -14.88
8C -10.98 -2.83 -9.94 -12.08 +0.94
9C +5.96 -14.56 +1.42 -7.74 +2.73
IOC -5.18 -5.97 -11.50 -5.39 -3.90
lie +11.56 +14.06 +12.62 +9.41 -1.99
12C -9.32 -10.17 -11.91 -22.72 -11.95
13C +0.85 -1.56 +1.01 +4.85 +8.19
14C -26.74 -17.36 -22.78 -27.21 -4.87
15C +5.53 -0.53 +1.08 +13.81 +6.99
15C -6.51 -14.60 -13.13 -9.80 +7.03
17C -5.13 +0.52 -1.09 -2.28 -7.74
Xc -5.38 -6.73 -6.34 -7.69 -3.49
s^ c 120.56 78.32 85.01 121.22 47.75
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Table 8
Percent Change in the Experimental Group's Grip Strength
Between the Pre-Test and Post-Test
Handle Position
Subject # 1 2 3 4 5
IE -34.57 -5.07 -20.24 +3.50 -8.47
2E -1.04 -3.55 -4.82 -28.01 -24.11
3E +10.34 -3.56 -9.81 +3.41 +1.45
4E -7.87 -1.10 -4.09 -15.61 -10.07
5E -46.65 -24.00 +4.69 +3.72 +12.76
6E -10.71 -6.15 -7.69 -9.95 -2.11
7E -10.29 -3.73 -6.29 0 +17.96
8E -7.68 -12.13 -2.59 -6.25 -3.14
9E -19.41 -18.75 -28.81 -22.86 -19.64
lOE -2.56 -8.05 -10.62 -24.12 -12.41
HE -17.84 -16.87 -24.48 -26.14 -12.07
12E +4.07 +5.15 +3.95 -8.05 -2.33
13E +36.00 +16.04 -0.95 -8.80 -22.54
14E -10.51 -11.84 -5.93 -28.46 -14.93
15E -7.63 -10.49 -13.74 -15.09 +1.14
% -8.43 -6.94 -8.76 -12.18 -6.57
353.06 95.65 93.12 139.00 145.20
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the percent change in grip strength for each handle position 
of the hand dynamometer are also shown in Tables 7 and 8.
In order to determine whether the one-week period of 
immobilization resulted in a significant decrease in grip 
strength measured with the handle of the hand dynamometer in 
each of the five positions, the mean of the percent change 
in the experimental group's grip strength at each handle 
position was compared with that of the control group using 
an unpaired t-test. Table 9 displays the t-ratios that were 
obtained when this statistical analysis procedure was 
performed.
Table 9
Obtained T-Ratios for 
Each Handle Position of the Hand Dynamometer
Handle Position T-Ratio
1 0 ., 57
2 0 . 06
3 0 ,. 72
4 1 ,. 11
5 0. 90
Since each of the obtained t-ratios was less than the 
critical value of t, 2.457, the null hypothesis was 
accepted. In other words, the one-week immobilization 
period did not result in a significant reduction in grip 
strength when measured at each of the five handle positions
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An Analysis of the Pinch Strength Data
Table 10 displays the change in pinch strength of each 
subject in the control group that occurred between the pre­
test and post-test, while Table 11 shows the change in pinch 
strength of each subject in the experimental group. As was 
the case with the grip strength data, the change in each 
subject's pinch strength was expressed as a percentage in 
order to standardize the results. If a positive number was 
used to represent the percent change, this suggested that 
the subject's pinch strength had increased between the pre­
test and post-test. If the percent change was represented 
by a negative number, it implied that the subject had 
experienced a decrease in pinch strength over that one-week 
period of time. The mean and variance of the percent change 
in strength for each type of pinch are also shown in Tables 
10 and 11.
In order to determine whether the one-week period of 
immobilization resulted in a significant decrease in the 
strength of the three-jaw chuck, tip prehension, or lateral 
prehension, the mean of the percent change in the 
experimental group's strength for each type of pinch was 
compared with that of the control group using an unpaired t- 
test. Table 12 displays the t-ratios that were obtained 
when this statistical analysis procedure was performed.
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Table 10
Percent Change in the Control Group's Pinch Strength
Between the Pre-Test and Post-Test
Type of Pinch
Subject # Three-Jaw Chuck Tip Prehension Lateral Prehension
1C -15.38 +35.55 +3.85
2C -25.43 -16.42 +7.20
3C 0 -11.82 -1.52
4C +14.34 +27.02 +1.48
5C -4.96 +5.99 -3.33
6C +15.00 -29.12 -9.61
7C +25.36 0 -4.45
8C 0 +14.63 -2.57
9C +11.39 +18.76 -5.36
IOC -20.05 -5.10 -16.00
lie -13.53 +2.27 0
12C -11.74 -12.43 -9.89
13C -13.79 -36.51 -16.26
14C -6.82 +7.07 0
15C -7.02 +4.60 +2.60
16C -19.07 +13.27 -22.22
17C +10.17 +4.34 -5.51
Xc
s2c
-3.63
210.54
+1.30
350.44
-4.80
61.62
93
Table 11
Percent Change in the Experimental Group's Pinch Strength
Between the Pre-Test and Post-Test
Type of Pinch
Subject # Three-Jaw Chuck Tip Prehension Lateral Prehension
IE -11.39 -8.82 +16.67
2E +12.09 -6.39 +14.34
3E -6.38 -11.86 +8.00
4E +10.38 -11.72 -11.57
5E -17.64 -9.91 -20.63
6E -11.01 -17.15 +1.26
7E +3.60 +7.07 -1.59
8E -10.34 -34.76 -25.02
9E -13.36 +1.95 -5.09
lOE -2.48 +2.32 +6.19
HE +17.90 -24.97 -2.04
12E +1.26 -2.00 +10.80
13E +29.63 -2.83 -4.57
14E -5.79 -4.35 -24.42
15E -33.74 -15.09 -18.59
Xe
s2g
-2.48
245.86
-9.23
118.59
-3.75
190.99
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Table 12
Obtained T-Ratios for
Each Type of Pinch
Type of Pinch T-Ratio
Three-Jaw Chuck -0 .22
Tip Prehension 1. 91
Lateral Prehension -0 .27
since each of the obtained t-ratios was less than the 
critical value of t, 2.457, the null hypothesis was 
accepted. In other words, the one-week immobilization 
period did not result in a significant reduction in the 
strength of these three types of pinch.
CHAPTER V
DISCUSSION AND IMPLICATIONS
After calculating a separate unpaired t-test for grip 
strength measured with the handle of the hand dynamometer in 
each of the five positions, it was discovered that the one- 
week period of immobilization did not result in a 
significant decrease in the grip strength of normal 
subjects. By examining each of the mean values representing 
the percent change that occurred between the pre-test and 
post-test, it was found that the experimental group, as a 
whole, did demonstrate a reduction in grip strength when 
measured at each of the different handle positions; however, 
the control group also experienced an average decrease in 
grip strength for each handle position. Although the 
average strength reduction for the control group was less 
than that of the experimental group, the difference between 
Xg and Xg was not statistically significant at the .01 level 
for any of the five handle positions. In addition, none of 
the mean values representing the percent change in grip 
strength for the experimental group approached the 2 0 
percent level that Young et al. (1989) reported could be due 
to normal day-to-day fluctuations.
Likewise, after calculating a separate unpaired t-test
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for the strength of each type of pinch, it was discovered 
that the one-week period of immobilization did not result in 
a significant decrease in the pinch strength of normal 
subjects. In fact, the control group, as a whole, 
experienced a greater reduction in the strength of the 
three-jaw chuck and lateral prehension between the pre-test 
and post-test than did the experimental group. In addition, 
the mean value representing the percent change in the 
strength of lateral prehension for the experimental group 
did not approach the 20 percent level that Young et al. 
(1989) reported could be due to normal day-to-day 
fluctuations. In terms of tip prehension, the subjects in 
the experimental group averaged a considerable decrease in 
the strength of this type of pinch during the one-week 
immobilization period while the control group, as a whole, 
experienced a slight increase in this type of pinch 
strength; however, the difference between and Xg for tip 
prehension was still not found to be statistically 
significant at the .01 level.
Therefore, the null hypothesis, which stated that a 
one-week period of immobilization will not result in a 
significant decrease in the grip strength and/or pinch 
strength being measured, was accepted for each type of grip 
and pinch. Based upon the results of this study, then, 
neither the grip strength nor pinch strength of normal 
subjects appears to be significantly affected by a one-week 
immobilization period.
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Discussion
In contrast to several studies that demonstrated a 
decrease in the muscle strength of normal subjects as the 
result of immobilization (Hills & Byrd, 1973; MacDougall et 
al., 1977; MacDougall et al., 1980; Rozier et al., 1979;
Sale et al., 1982; Stillwell et al., 1967; Vaughan, 1989), 
the results of this investigation appeared to indicate that 
a one-week immobilization period does not significantly 
affect the strength of grip and/or pinch. A combination of 
two factors may have been directly responsible for this 
finding.
First, the casts used in this study were unable to 
prevent the subjects in the experimental group from slightly 
moving their immobilized digits or from performing isometric 
muscular contractions with their immobilized hands. In two 
previous investigations (Rozier et al., 1979; Stillwell et 
al., 1967), isometric exercises were shown to help maintain 
strength during a period of immobilization. In each of 
these studies, the subjects who performed quad sets while 
their lower extremities were immobilized displayed no 
significant change in quadriceps strength whereas the 
subjects who did not exercise exhibited a significant 
decrease in the strength of that muscle group. Although 
each subject in this present investigation was instructed 
not to engage in activities that would require the use of 
her casted hand, the gauze roll appeared to stimulate some 
isometric contractions and many of the subjects functionally
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used their immobilized digits to a great extent throughout 
the one-week immobilization period. Therefore, these 
frequently observed isometric hand contractions may have 
partially distorted the results of the study.
Secondly, motivation may have played a role in whether 
the strength decrease experienced by the subjects in the 
experimental group was statistically significant. In 
general, the subjects in the control group appeared highly 
motivated during the pre-test with many of them expressing 
excitement about being participants in the study. When they 
returned for the post-test, though, a majority of the 
control subjects stated that they found it somewhat 
inconvenient having to participate in the strength 
measurements again. As a result of this decreased 
motivation, these subjects may have given a better effort 
during the pre-test. Most of the subjects in the 
experimental group, on the other hand, appeared very 
apprehensive about having to wear a cast. Consequently, 
these subjects tended co be less motivated during the pre­
test than did their control group counterparts. After one 
week had elapsed, though, all of the experimental subjects 
were excited about having their casts removed. As a result, 
these subjects demonstrated an improved level of motivation. 
Therefore, the performance of the subjects in the 
experimental group may have been better during the post­
test .
Although neither of these confounding variables can be
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completely controlled, the investigator does recommend 
repeating this study using casts that completely envelope 
the fingers and thumb so the subjects in the experimental 
group cannot functionally use their digits during the 
immobilization period.
Implications
The results of this study differed from those of Appell 
(1986, 1990) and Booth (1987) who reported that the greatest 
effects of immobilization occur within the first week; 
however, their information represented a summary of how 
immobilization affects the skeletal muscle of various types 
of animals as well as humans who were casted as the result 
of an injury. In terms of normal human subjects, all of the 
recent studies that examined the effects of immobilization 
on muscle strength used an immobilization period longer than 
one week (Hills & Byrd, 1973; MacDougall et al., 1977; 
MacDougall et al., 1980; Rozier et al., 1979; Sale et al., 
1982; Stillwell et al., 1967; Vaughan, 1989).
It was the investigator's intent that the results of 
this study would assist health care professionals in 
determining whether to immobilize an injured body part 
during the acute stages of a soft-tissue injury. Because 
the investigation demonstrated no significant decrease in 
strength as the result of a one-week period of 
immobilization, it may appear that health care professionals 
could increase their use of casting as a means of protecting
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an injured body part; however, two points should be kept in 
mind when making this interpretation. First, significant 
strength reductions may occur if the casted individuals fail 
to perform isometric muscular contractions with their 
immobilized body parts. Secondly, the subjects who 
participated in this investigation were normal, not injured, 
individuals. Because of pain or the fear of causing further 
tissue damage, injured individuals may opt not to perform 
isometric exercises during the immobilization period. 
Therefore, the results of this study in its present form may 
not be completely applicable to the clinical setting. As a 
result, the investigator again recommends that the study be 
repeated with a greater attempt to prevent the subjects in 
the experimental group from performing isometric muscular 
contractions with their immobilized hands.
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CONSENT FORM
I have received a detailed explanation of the study in which I am voluntarily 
participating, and I understand the following to be true:
1. The study is being conducted in order to examine the effects of 
immobilization on grip strength and pinch strength.
2. I will be randomly assigned to either a control group or an experimental 
group.
3. If I am assigned to the control group, I will be asked to meet 
with the investigator, Bonni Kinne, for approximately 15 minutes 
to have my grip strength and pinch strength tested. I will also 
be asked to return one week later to have these measurements taken 
again.
4. If I am assigned to the experimental group, I will be asked to
meet with the investigator, Bonni Kinne, for approximately 30 minutes. 
During this time, I will have my grip strength and pinch strength 
tested and then my non-dominant hand will be casted in a functional 
position. I will also be asked to return one week later to have 
the cast removed and the strength measurements taken again.
5. The data collection procedures will take place between Monday,
June 21, 1993 and Wednesday, July 21, 1993; and 1 will be given 
the opportunity to select the one-week period during which 1 will 
be tested.
6. The investigator does not anticipate that the study will pose any 
significant threat to my personal safety or physical wellbeing.
Should my grip strength and/or pinch strength decrease as a result 
of the one-week immobilization, this reduction will be very minimal 
and temporary in nature.
7. All of the data collected in the study will be kept strictly confidential.
8. 1 will have the opportunity to ask questions about the study at 
any time and to have these questions answered to my satisfaction.
9. 1 will have the opportunity to voluntarily discontinue my participation 
in this study at any time without penalty or repercussions.
10. If 1 am assigned to the experimental group, 1 will receive a list 
of instructions regarding cast care and precautions.
1 acknowledge that 1 have read the above information, and based upon
this information, 1 am voluntarily agreeing to participate in the study.
Signature of Participant/Date Signature of Witness/Date
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CAST CARE AND PRECAUTIONS HANDOUT
1. DO NOT soak your cast in water ! When taking a bath or shower, you 
should cover your cast with a plastic bag.
2. DO NOT squeeze the roll of gauze while your hand is immobilized
in the cast. Isometric hand contractions could distort the results 
of the study.
3. If you experience symptoms such as numbness, tingling, or burning 
in your immobilized hand, you should immediately (day or night) 
contact Bonni Kinne at 453-5723 or (517) 627-5733. If you fail 
to reach anyone at these two numbers, you should call Barb Baker 
at 895-3356, 942-5216, or 399-6210.
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Name Group
Number Non-Dominant Hand Age Gender
Handle Position #1 
Handle Position #2 
Handle Position #3 
Handle Position #4 
Handle Position #5 
Three-Jaw Chuck 
Tip Prehension 
Lateral Prehension
Pre-Test (Measured in Pounds)
Trial #1 Trial #2 Trial #3 Mean
Post-Test (Measured in Pounds)
Trial #1 Trial #2 Trial #3 Mean
Handle Position #1 
Handle Position #2 
Handle Position #3 
Handle Position #4 
Handle Position #5 
Three-Jaw Chuck 
Tip Prehension 
Lateral Prehension
